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Excessive phosphorus (P) in water bodies is one of the most concerning water
quality issues in the U.S., impacting public health, the environment and the economy.
Managing excessive P is essential to reduce the incidence of environmental quality
issues, such as eutrophication and harmful algal blooms. One potential strategy that
is being developed for this purpose is the use of P sorption materials (PSMs) to
sequester P from water systems, which is the objective of this study.
The performance of steel slag, an industrial byproduct with high P sorption po-
tential, was evaluated in a nutrient dynamics study using a laboratory flume, where
different experimental conditions were tested.
The 10-m flume configuration, designed to simulate transport processes occurring
in a drainage ditch, is comprised of four 2.5-m sequential segments: a sediment bed,
a slag bed over sediment, a slag dam built over a slag bed, and another sediment bed.
In the experiments, all four segments of the flume were set to either saturation or
a constant drainage (percolation) of 0.1 L min−1 for each segment. The experiment
was conducted with a constant flow of elevated P water (1 or 5 mg L−1) at 7.3
L min−1 for 4-hr (adsorption run), followed 24-hr later by a 4-hr run of deionized
water (desorption run) at the same inflow rate. The adsorption/desorption cycle was
repeated three times with the same sediment and slag materials, to allow testing of
the resilience of P sorption under different PSM placement, subsurface hydrologic and
P loading conditions.
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During each 4-hour injection, water quality samples and, when appropriate, leachate
samples were collected every 6 minutes and 12 minutes, respectively, and analyzed
for P and 16 other metals. pH values were manually recorded every 30 minutes.
The pH measurements showed that steel slag considerably increases pH in the
deionized water used in the study. The concentration of heavy metals and other
introduced elements were not detected in concentrations higher than what is normally
found in soils.
Water flowing through the PSM persistently resulted in a higher P removal when
compared to the flow-over situation, as a result of a longer retention time and more
contact surface in section 3, the flow-through section. Also, when comparing drainage
and saturation, the latter showed a relatively greater retention in both 1 and 5 mg
L−1 injections. Over the entire experiment, the retention in 1 mg L−1 saturation and
drainage was respectively 33% and 29% versus 45% and 15% when 5 mg L−1 of P was
injected. This contradicts the expectations and raises the need for an extra replicate
in drainage conditions in future work to confirm the observed pattern.
Finally, the leachate samples showed that the P removal is concentration driven,
with more mass being transported by drainage flux for the 5 mg L−1 injection.
In a real situation, in order to obtain an effective removal, findings from this
study show that steel slag must be placed (1) in locations that receive higher P
concentrations in runoff, since the removal is consistently concentration driven, and
(2) in flow-through conditions, which allows more contact surface, a determining




Nutrient pollution is one of the most concerning water quality issues in the U.S.,
impacting public health, the environment and the economy (U.S. EPA, 2015b). In
its 2013 water assessment report, the U.S. EPA identified nutrients as the third main
cause of impairment in rivers and streams, and phosphorus (P) appears as a major
source. This research explores a potential strategy for mitigating excessive P dis-
charges in agricultural watersheds, a critical management to reduce the incidence of
environmental quality issues.
P can be delivered to surface waters by agricultural runoff, stormwater, industrial
and residential wastewater (U.S. EPA, 2013b). Agriculture alone - as in runoff, erosion
and animal wastes - is responsible for approximately 86% of the total P losses to the
environment (Rittmann et al., 2011) and because of that, actions of the agricultural
community towards reducing P pollution are critical. On the other hand, P scarcity
can also be an issue, since it is a fundamental element for all living organisms and it is
required in relatively large quantities for crop production (Schachtman et al., 1998).
Pursuant to increasing crop yields, current agriculture is highly dependent on P
fertilizers. Extensive applications and concomitant P accumulation in soils suggest
that P use is very inefficient in many cases (Withers et al., 2014). Besides that,
sources of P are non-renewable and their natural reserves appear to be in accelerating
decay (Carpenter, 2008). Thus, increasing efficiency in P use and recycling as part
of an alternative management strategy is fundamental for environmental health and
agronomic productivity.
Runoff and erosion from farms carry dissolved and particulate P. The concern over
dissolved P usually prevails, since (1) dissolved P is readily and bioavailable to aquatic
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biota, and (2) traditional management practices, such as vegetated buffer strips, are
not effective for retaining dissolved P (Penn et al., 2014). However, particulate P can
also be a concern, principally in high P soils, since they are a continuous source of
P for aquatic systems (Sharpley et al., 1992). Sharpley et al. (1992) discussed that
the adoption of best management practices actually increased the bioavailability of
dissolved and particulate P transported in runoff, despite the reduction in losses of
bioavailable total P and bioavailable particulate P.
Once it is discharged into a water body, P can induce algal blooms. The subse-
quent death and decay of algae trigger the formation of ”dead-zones” in which fish
and bottom-dwelling animals are decimated due to depletion of oxygen . Additionally,
toxins released by these algae taint surface waters, impairing water supply (Carpen-
ter, 2008) and threaten public health. This phenomenon is known as eutrophication,
and it was identified in 1,564 miles of rivers and streams in the U.S. in 2012 (U.S.
EPA, 2013a).
For example, in the summer of 2014, an algae-infestation in Lake Erie caused a shut
down of the public water supply for approximately half-million residents in Toledo,
Ohio, confirming a prediction made in 1975: Lake Erie has been severely threatened by
human activities (U.S. EPA, 1975), although different processes resulted in the recent
algal blooms . Actually, the control of particulate P mitigated this issue during the
last decades, with a joint commitment between Canada and U.S. to limit P loads by
developing a “Lakewide Management Plan for the Great Lakes” (U.S. EPA, 2015a)
and Lake Erie was considered “clean”. However, with the 2014 event, the concern
and the discussion of efficient strategies to improve water quality has been reignited.
A similar situation is encountered during summers in the northern Gulf of Mexico,
where nutrient inputs - Nitrogen (N) and P - from the Mississippi and Atchafalaya
Rivers generates a dead zone in the Gulf of Mexico (Carpenter, 2008), affecting the
local economy and altering the equilibrium of aquatic communities.
However, eutrophication is not an exclusive issue of the U.S.; its occurrence has
been increasing worldwide, changing entire ecosystems (Rabalais et al., 2002). In
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South Africa, eutrophication was primarily detected in 1971 (South African Wa-
ter Research Comission, 2010) and nowadays, several dams all over the country are
severely impaired. Eutrophication poses a threat for both human health and the
local economy in that country, due to its nocive efects on lakes, dams and streams,
a primary source of water for agriculture and human consume in rural areas (South
African Water Research Comission, 2010). In Europe, where most of phosphorus
loads are derived from industrial and residential wastewater, eutrophication has been
reported in the entire coastal area as well as open Baltic Sea (European Environment
Agency, 2001).
Every year, 10.5 million metric tons of phosphorus, i.e., almost 50% of the phos-
phorus extracted per year, is lost through erosion and runoff (Liu et al., 2008).There-
fore, the development of new management strategies is vital to environmental and
agronomic sustainability.
N and P are both great contributors to eutrophication, which suggests the neces-
sity in controlling both nutrients inputs in water systems. However, according to a
long-term study by Schindler et al. (2008), reducing N does not limit eutrophication
in lakes; it actually enhances the problem when P discharges are not limited concomi-
tantly. Hence, reducing P discharges must be the focus for an effective management
solution in fresh waters (Schindler et al., 2008).
One primary initiative aiming to reduce pollutant discharge from industry and
wastewater treatment plants into surface water was the Clean Water Act (CWA),
proposed in 1972. It established standard procedures for prevention, regulation and
elimination of pollutant discharge in U.S. waters. However, these regulations ex-
empted “agricultural stormwater discharges and return flows from irrigated agricul-
ture”, (Clean Water Act, 2002), i.e., agricultural nonpoint source pollution. Hence,
despite the fact that the CWA was a critical measure to preserve water quality in the
U.S., excessive P in aquatic systems was not directly addressed through the CWA.
Nonetheless, since the late 1960’s, when eutrophication was identified as a major
water quality issue in the U.S. (Litke, 1999), environmental groups have been devel-
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oping programs and strategies aiming to revert or mitigate nutrient contamination.
One of the most recent ones is the use of as P sorption materials (PSMs) as P “filters”
in agricultural fields and drainage ditches.
PSMs are an emergent technology for sequestering dissolved P transported in
surface waters. They are characterized as low-cost materials with high affinity for
P due to reactive elements - normally a metal cation - in their composition (Buda
et al., 2012). The cation in conjunction with P generates an insoluble compound
through precipitation or adsorption mechanisms. Natural materials, such as minerals
(e.g.: iron oxide), synthetic filtration products (e.g.: Phoslock) and industrial by-
products (e.g.: red mud, fly ash, etc.) have been reported to be potential PSMs.
The selection of the most appropriate material will depend on its P sorption capacity,
which is influenced by solution pH, ionic content and natural organic matter in water
(Buda et al., 2012). Steel slag is one of these materials, but its use as a PSM in the
environment has not been comprehensively investigated to date.
Steel slag has a high affinity for P due to Ca and Fe in its composition (Barca
et al., 2014), responsible for sequestering P through sorption mechanisms. However,
since its use as a PSM is a relatively recent technology, there is still much to be
explored regarding its interactions with flowing waters and soil in real environmental
conditions, especially, in terms of long-term performance and resilience.
In its mineral commodity summary from 2014, the U.S. Geological Survey de-
scribed steel slag as the byproduct of iron and steel production, being primarily used
in the construction industry. Slag production was estimated in the range of 18 to
25 million tons in 2013 (U.S. Geological Survey, 2014). Hence, it is an abundant
material, inexpensive, and, in central Indiana, it is also locally available, which are
all desired characteristics for PSMs.
In general, PSMs have demonstrated satisfactory results for reducing P (Penn and
McGrath, 2011; Brennan et al., 2011; Stoner et al., 2012). The development of these
technologies started in the 1990s, when they were used as substrates in constructed
wetlands (Bird and Drizo, 2010). However, in agricultural drainage ditches, there is
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still much to be explored concerning the use of PSMs. Since these are converging
flow paths for P losses from agricultural fields, they are also potential locations to
concentrate remedial practices (Penn et al., 2007). The same authors argue that
PSMs being installed into surface water bodies contributes to a spatially efficient
removal, allowing for a targeted remediation, besides being an inexpensive alternative
compared to PSMs applied to agricultural fields.
This present research provides an additional understanding of slag P removal
potential, contributing with insights into the application of this technology in agri-
cultural drainage ditches.
1.2 Thesis objectives and hypotheses
This research focuses on evaluating the performance of steel slag in a nutrient dy-
namics study, where P transport processes occurring in an agricultural drainage ditch
were simulated. P injection experiments were conducted in a 10 m flume constructed
at the National Soil Erosion Research Laboratory with the objective to assess steel
slag efficiency in retaining dissolved P. With surface water and leachate samples being
collected, it was possible to estimate P mass differences for every 2.5 m section, each
one comprising a treatment of interest. In particular, the following specific objectives
were addressed:
• Compare soil and slag P removal, with the latter being placed in two different
configurations: a flat layer, representing a flow-over treatment and a dam, a
representation of a flow-through situation. With this comparison, it was possi-
ble to understand the effects of residence time, since more time allows for more
contact opportunities between slag particles and water; therefore, the expecta-
tion was that the flow-through section would remove more than the flow-over
treatment due to the increased retention time.
• The last section of the flume was composed only of ditch sediment, representing
a “recovery” treatment, where the potential release of contaminants - since
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slag is a non-native material - and remobilization of P was examined. It was
expected that, during the clean water injections (desorption phase), steel slag
and soil would release part of the P they sequestered during the P injections
(adsorption phase).
• Compare contrasting P input concentrations: 1 mg L−1 and 5 mg L−1, which
represents respectively a low and a high P input from agricultural runoffs. The
hypothesis was that a higher P concentration would induce a greater removal,
meaning that concentration is a driving factor for the removal process.
• Test the effects of subsurface hydrological conditions through the comparison
between drainage and saturation. The expectation was that under drainage,
due to the addition of a downward flow, the removal in the flow-over and flow-
through slag treatment would be enhanced in comparison to the saturation
conditions.
• Test the effects of repeated simulated runoff/rainfall cycles using the same ma-
terial in the flume. The expectation was that P retention by steel slag would be
negatively affected throughout the cycles, indicating slag being saturated after
a longer P injection time.
This research presents key information and insights regarding excessive P manage-
ment, exploring the removal process and its possible driving factors. Findings from
this study will provide additional data to develop an effective strategy using steel slag
in a P removal structure through investigating relevant knowledge gaps. In this way,
it will be possible to propose feasible resolutions towards promoting agricultural and
environmental sustainability through an efficient nutrient management.
1.3 Thesis organization
The first chapter, which is the introduction of this thesis, presents important
scientific background, followed by objectives and hypotheses. Chapter 2 presents
7
a literature review, with relevant works related to the object of the current thesis.
Chapter 3 details the materials and methods used in the experiments, followed by the
presentation and discussion of the obtained results in Chapter 4. Finally, Chapter 5
presents important conclusions and summarizes the current research.
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CHAPTER 2. LITERATURE REVIEW
2.1 Phosphorus dynamics in the environment
P is a major cellular component, part of DNA, RNA and cell membranes (Wetzel
and Likens, 1991), and it is also essential in energy transfer processes. Hence, it
is a fundamental nutrient for all living organisms. It is required in large quantities
by plants since it is critical for growth and reproductive processes - which is the
reason it is one of the most limiting macronutrients for crop and forage production
(Schachtman et al., 1998).
P occurs naturally in the environment and is a very dynamic nutrient throughout
the ecosystems, despite being highly reactive in soils (Hinsinger, 2001). Because
of this characteristic, P is strongly held by soil particles, being relatively immobile
through this medium (Bolland et al., 2003). Consequently, it is not found as a free
element, occurring as phosphate in soils, minerals and also in organisms and water
(Lindsay et al., 1989).
In natural environments, P concentration in soil solution varies from 10−4 M
to 10−8 M depending on P levels in the parent material and on the rate of plant
uptake (Syers et al., 2008). In managed systems, these concentrations are considered
relatively low, which together with low P mobility, may cause nutritional restrictions
for plant development, and, therefore, productivity. As a consequence, P can be
added artificially (e.g. chemical fertilizers) to supplement organism requirements
(Peek et al., 2013) and provide adequate P levels for plant maturation (root growth
and winter hardiness, among others). When applied properly, not only the plants
benefit from fertilizers, but the entire environment echoes the appropriate levels of P,
which are indicative of a healthy ecosystem.
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However, chemical fertilizers are produced from non-renewable sources (Rittmann
et al., 2011). Because of that, in order to maintain the desired levels of crop pro-
duction in the future, improving the efficiency of P use in agriculture and looking for
alternative and secure sources are critical management measures.
Furthermore, the model through which we manage P in agriculture nowadays is
criticized by many researchers. For example, Withers et al. (2014) argued that our
current dependency on inorganic P compounds is inefficient and expensive - environ-
mentally and financially. This dependency contributes to P accumulation in soils and
water (legacy P), increasing the incidence of nutritional issues in ecosystems (Withers
et al., 2014). The traditional way of looking at P nutrition, i.e., increasing input of
fertilizers to maximize yield, “feeding the soil to feed the crop” is not the best op-
tion given (i) the rapid reduction on P reserves, (ii) current fertilizer costs and (iii)
fertilizer excesses as a driving factor for environmental quality issues. A new and
sustainable strategy to feed crops would be initiated by targeting the crop instead of
targeting the soil (Withers et al., 2014).
2.2 Phosphorus in soils
Soil P can be encountered as “dissolved inorganic P, inorganic P sorbed onto
surface sites, inorganic P sorbed or deposited by various time-dependent processes,
and organic P” (McGechan and Lewis, 2002). As a consequence of its diverse forms,
P has different behaviors and fates depending on its nature.
The proportion of organic and inorganic soil P fractions vary broadly depending
on the soil, being continuously interchangeable (Lindsay et al., 1989). Inorganic P
is a component of soil minerals, but it can also be encountered in very low concen-
trations in soil solution (Hinsinger, 2001). It is characterized by a slow desorption
process from soils - under normal conditions - and its bioavailability is regulated by
P concentrations in the rhizosphere (Hinsinger, 2001). Organic P can be found in
stabilized and active forms, being released by mineralization, a process mediated by
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roots and microorganisms and responsible for the transformation of organic P into
water soluble P (Bolland et al., 2003).
The proportion between P being sorbed and P present in solution also varies
and it is non-linear, due to energy variability in the sorption sites (McGechan and
Lewis, 2002). This proportion will determine plant availability, since P can only be
incorporated by plants as soluble phosphate - also known as labile P (Shen et al.,
2011).
P is sorbed in soils through adsorption and precipitation, processes responsible for
converting dissolved P to particulate forms (Penn et al., 2007). P sorption can happen
through a rapid and reversible assimilation onto soil particles surfaces - adsorption -
or through “time dependent processes”, responsible for depositing P in the interior
of these particles (McGechan and Lewis, 2002).
A soil can be characterized in terms of P sorption according to its maximum
sorption capacity and also by the “degree of saturation of a soil”, which is an indicator
of a soil’s propensity to transport P (McGechan and Lewis, 2002). There is no
consensus on methods to quantify these characteristics, although, Qmax, a parameter
in the Langmuir isotherm equation, can indicate the soil maximum potential to sorb
P through the fast sorption process (McGechan and Lewis, 2002).
Desorption is the reverse mechanism of both fast and slow sorption and the P
concentration in solution defines the equilibrium between these opposite processes
(Roberts et al., 2012).
In summary, Figure 2.1 describe all the mechanisms that occur in the P-cycle in
soils, which are subsequently detailed.
Phosphate added by fertilizers or derived from natural sources (i.e., P miner-
als and rock weathering) is absorbed by plants as orthophosphates (P uptake by
plants), which are the most stable phosphate complexes in soils (Lindsay et al., 1989).
Nonetheless, the form in which P exists in solution will mostly depend on pH (Syers




4 are the prevalent forms in solution at neutral pH
(Lindsay et al., 1989). The same author states that at higher pH, complexes of Mg
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Figure 2.1.: Phosphorus cycle




4 , are also part of the soil solution. In
acid soils, Al and Fe phosphates are the dominant forms (Hinsinger, 2001). Maximum
P availability occurs on the range of pH between 5.5 and 7 in the majority of soils
(Ahemad et al., 2009). Additionally, organic P, as a component of organic matter
soluble complexes, can also be present in solution (Lindsay et al., 1989).
The rate and amount of P absorbed by plants are particularly influenced by P
concentration in soil solution and by the rate at which P is restored in soils, i.e. the
rate of P desorption from the soils solid phase (Syers et al., 2008). The size and extent
of root systems and the efficiency with which they take up P also determine nutrient
acquisition and, therefore, P equilibrium in soils. This same absorbed phosphate will
eventually return to soil as organic residues, being slowly released by the process of
mineralization as inorganic phosphate or becoming part of organic matter.
However, the redistribution of P back to agricultural fields is very inefficient,
promoting a significant disproportion between manufactured P and P actually used
(Withers et al., 2014). The same authors state that phosphate is lost during mining
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and in fertilizer applications. Part of the phosphate is also lost due to soil erosion
and runoff (Busman et al., 2002).
Although soil P content is a significant factor in determining its capability to con-
taminate surface waters, it is also necessary to evaluate the P transport potential. P
transport potential includes factors such as soil properties, soil cover and the distance
between P sources and streams or waterways (Penn and Bryant, 2006). Sharpley et
al. (1996) argue that P losses from agricultural soils are derived mainly from the
accumulation of P due to excessive fertilizer and manure applications. However, eval-
uating P transport potential based solely on soil P levels can result in a mistaken
conclusion about the contamination potential (Sharpley et al., 1996). Similarly, Penn
and Bryant (2006) propose the conjunctive analyses of “potential runoff and erosion
losses and local climatic, topographic and agronomic factors” in order to determine
safe P concentrations in the environment.
Hence, agricultural soils, which constantly receive, contain and recycle P can be
a critical source of P in water systems, both in reference to their P content and P
transport potential.
P movement in soils occurs by mass flow and diffusion. The former is related
to water movement and to the concentration of P in that water, i.e., soil solution.
The latter occurs due to concentration gradients: plants take up P mediated by root
interception, which is readily replenished because of the lower concentration in the
uptake region if compared to the bulk solution. The diffusion movement is slow,
dependent on P concentration in solution and on the tortuosity of the media (Syers
et al, 2008).
2.3 Phosphorus in surface waters
Despite being required in relatively large quantities by plants, there are thresholds
identifying the maximum P concentrations in rivers and water bodies in order to
maintain proper standards in terms of water quality (Table 2.1). Above these limits,
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that vary according to the region, i.e. climate, topography, type of soil, etc., and
to the characteristics of water bodies, i.e. flux velocity, flushing rates, etc., P can
become a contaminant, impairing water quality and aquatic life and restricting the
use of freshwater systems.
Table 2.1.: U.S. EPA Ambient water quality criteria recommendations:
Corn Belt and Northern Great Plains
Total Phosphorus(µg/L)1
Lakes and Reservoirs 37.5
Rivers and Streams 76.25
1Median for all seasons 25th percentile of all data
Many agricultural water bodies exhibit the effects of P excesses, such as eutroph-
ication. This phenomenon is explained by the rapid nutrient enrichment of surface
waters leading to algal blooms. With death and decay of this large quantity of algae
on the surface, oxygen is depleted for aquatic life, creating “dead-zones” in water
bodies (Carpenter, 2008).
P can be introduced to a water body through diverse sources, e.g., untreated
municipal wastewater, discharge of detergents and industrial wastewater. However,
the role of agriculture in contributing to P loads in surface water is notable: an
estimate of 46% of P mined worldwide is lost in runoff and erosion derived from
agricultural fields (Rittmann et al., 2011).
Moreover, the Organization for Economic Cooperation and Development (OECD)
reported that, in 2000, 50% of the total P in the coastal waters of U.S., Finland and
Denmark were generated by agriculture (Roberts et al., 2012). This P is often the
result of (1) application of excessive amounts of fertilizers - when compared to the
recommended amount for a crop - and (2) the mismanagement of P in soil, leading to
excessive erosion and P loss, which becomes a potential risk for water contamination
(Busman et al., 2002). In some cases, losses of nutrients from agricultural fields are
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unavoidable, depending on the nature of the soil, the vegetation and the landscape,
for which best management practices can be effective.
P losses occur mainly in specific regions of a watershed, known as critical source
areas (Gburek et al., 2000). According to the same research, these regions are de-
termined by (1) source, which defines the potential contributions from crop and soil;
(2) and transport factors, such as erosion, runoff, leaching potential, and connectivity
(Sharpley et al., 2001). In order to rank regions of a watershed according to their
vulnerability to P losses, a P index was developed (Sharpley et al., 2001) consider-
ing both source and transport factors. This indicator can influence P management
recommendations based on field ability to utilize all the applied nutrient.
P is lost from agricultural fields through runoff and erosion (Sharpley et al., 1994).
Dissolved P in runoff is initially removed from the surface layers of soil, manure, fer-
tilizers or crop residues through desorption, dissolution and extraction, which happen
due to the interaction between rainfall and these media.
In surface runoff, P is transported in particulate and dissolved forms (Hyland
et al., 2005), the latter being 100% biologically available for aquatic organisms uptake.
Particulate P is attached to soil or manure particles and its losses result from soil
erosion or manure runoff. The two forms of P are interchangeable (Hyland et al.,
2005). Even years after a P application on a soil, dissolved P transport can remain
active because of “legacy phosphorus”, or the accumulated P, serving as a continuing
source of this nutrient for water systems through desorption (Penn et al., 2014).
In summary, soil P losses to surface waters will depend mainly on “surface soil
P content, watershed variability in runoff, erosion processes, soil management and
topographic factors” (Sharpley et al., 1994).
In order to minimize these losses, Sharpley et al. (1994) argued that it is essential
(1) to apply proper fertilizer amounts according to the crop requirements, (2) to
develop effective indicators for vulnerable regions in terms of P losses and (3) to add
P from different sources, considering soil P residual levels. Furthermore, the use of
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alternative strategies to mitigate excessive P in the environment is also part of this
recipe, targeting the efficient use and recycling of P.
In a water body, P is in continuous exchange within the water column, stream bed
and interstitial water. Its concentrations in rivers derive from internal inputs from
sediments and external inputs from runoff (Rusu et al., 2012).
According to Rusu et al. (2012), bottom sediments are critical for P transfor-
mation and accumulation: P in sediments is diluted in interstitial water - assuming
this water contains low P concentrations - and then, through diffusion, it is released
to benthic water. Sorption and desorption are intermediated by interstitial water
and governed by P concentrations. These are natural processes, through which “self-
purification” of a water body is possible (Rusu et al., 2012). When rich P runoff
reaches water bodies, this internal equilibrium can be threatened due to the external
P loading, which can potentially create environmental quality issues, such as those
cited above.
Dissolved P in water systems is subject to a series of transfer processes and chem-
ical reactions. The interaction among physical, chemical and biological processes will
determine its fate within flowing waters (Runkel and Bencala, 1995). For example, the
physical transport often governs the residence time of a solute in the system, which
in turn directly affects the chemical and biological transports, since it determines the
time of interactions between solute and media.
In summary, the transfer processes include “advection, dispersion, groundwa-
ter and tributary inputs, transient storage and biotic and abiotic transformations”
(Stream Solute Workshop, 1990), which can be modeled in order to quantify solute
transport and transformations. The advection-dispersion equation is the basis for
more detailed nutrient transport models, which can include terms such as lateral
and benthic flux, biological uptake, transient storage and nutrient retention (Stream
Solute Workshop, 1990). For a complete understanding of P dynamics in flowing
waters, these additional terms are included, since P is a non-conservative solute that
undergoes a series of biological and chemical transformations. The “one-dimensional
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transport model with inflow and storage” considers the physical and chemical pro-
cesses that influence a non-conservative nutrient in water systems and it is presented




















(CL−C) +α(Cs−C) + ρλ(Csed−KdC)−λdC
(2.1)
where:
C is solute concentration [M/L3];
t is time [T];
Q
A
is discharge over cross-sectional area or water velocity [L/T];
D is dispersion coefficient [L2/T];
QL is lateral inflow rate [L
3/T-L];
CL is lateral inflow solute concentration [M/L
3];
CS is storage zone solute concentration [M/L
3];
ρ is mass of accessible sediment per volume of water [M/L3];
λ is the main channel sorption rate coefficient [/T];
Csed is the sorbate concentration on the bottom sediment [M/M];
Kd is the distribution coefficient [/T] and
λd is the main channel first-order decay coefficient [/T]
Biological processes can also be considered in this equation by adding biological
retention and release terms (Runkel, 1998).
In order to understand and quantify how “hydrologic and geochemical processes”
influence nutrient transport and chemical reactions in water bodies, tracer injection
experiments are performed and used concomitantly to these transport models (Runkel
et al., 1999).
A tracer experiment can be performed by injecting a conservative and/or a non-
conservative tracer into a stream with water samples being collected at different
locations and moments. When the studied solute is an environmental contaminant,
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the concentration variability within time and space will greatly influence its impact
on the water system (Runkel and Bencala, 1995).
There are two main ways of applying the tracer: instantaneous and constant
injections. The former refers to adding solute to a stream during a short period of
time, also known as slug, gulp or pulse (Gooseff et al., 2008). These authors compared
instantaneous (IA) and constant rate additions (CRA) and their effects in the “dead
zone portions of transient storage”. They concluded that CRA presented more rapid
flushing patterns, which can influence the solute behavior and the biogeochemical
processes in streams.
Tracer injection in streams or artificial channels can provide a characterization of
water flow dynamics through breakthrough curves, which is a powerful tool to as-
sess several hydrological characteristics, such as residence time distributions (Gooseff
et al., 2008). Moreover, artificial channel studies allow one to isolate transfer and
transformation processes in order to study the dominant ones for a specific chemical.
Through conducting studies in flumes, it is possible to control hydrodynamic param-
eters, providing a simplified characterization of nutrient dynamics in a water body
(Stream Solute Workshop, 1990).
2.4 Phosphorus removal strategies
Best management practices (BMPs) are approaches to reduce the agricultural
footprint in the environment. Examples of BMPs include the in-field measures - such
as nutrient management and drainage; edge of field, such as grass waterways and con-
trolled drainage; and small watershed scale measures that include ditch management
and constructed wetlands.
For dissolved P, there are no traditional BMPs effective enough to prevent its
movement through soils and water (Peek et al., 2013), especially in cases of high
P soils. Sharpley et al. (2001) corroborated with this argument, stating that the
main best management practices target particulate P through erosion and runoff
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control; however, they are not as efficient for dissolved P. Habibiandehkordi (2014)
argued that reducing dissolved P rather than total P is critical when establishing new
best management practices, because of its prompt bioavailabity and its continuity
throughout time in soils (“legacy P”).
Furthermore, in some cases, management of excessive P can be ineffective in a
watershed (Sharpley et al., 1994). Identifying critical areas in terms of P losses, for
example using the P index cited above, is essential for proper P management.
An increased loss of dissolved P was observed with the adoption of no-tillage in a
study of no-tillage effects on P losses (McDowell and McGregor, 1980). Constructed
wetlands also did not show a consistent reduction in dissolved P losses, despite con-
siderably reducing sediment and particulate phosphorus (Habibiandehkordi et al.,
2014). Vegetated buffer strips were also studied by Roberts et al. (2012) for P reduc-
tion efficiency, who concluded that those structures actually contributed to increased
dissolved P, probably a consequence of P remobilization.
Sharpley et al. (1994) argued that in order to properly manage nonpoint P sources
and mitigate its effects in surface waters, it is essential to develop a strategy that
considers economic and environmental factors, developing a sustainable form of agri-
culture in terms of P utilization.
As a result, new approaches and strategies are being explored due to the fact that
accelerated eutrophication has become a concern in many agricultural watersheds
(Hyland et al., 2005; Penn and Bryant, 2006; Rittmann et al., 2011; Buda et al., 2012;
U.S. EPA, 2015b). One of these approaches is the adoption of P removal structures,
using P sorption materials (PSMs) to reduce excessive dissolved P concentrations.
PSMs are materials intended to sequester dissolved P from surface waters and
soil solutions. They normally contain considerable amounts of aluminum, iron, cal-
cium, magnesium, organo-metallic complexes or clay, which are the PSM P-sorbing
component (Leader et al., 2008). They differ regarding the process through which
P is removed, for example, Ca-rich materials sequester P by precipitation, while Al
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and Fe-rich materials can precipitate and adsorb P by ligand exchange (Stoner et al.,
2012).
PSMs include gypsum, Al and Fe oxides, and several industrial by-products, such
as steel slag, bauxite, red mud and fly ash (Penn et al., 2007). It is desirable for PSMs
to be non-toxic, widely available and with reutilization possibilities as soil amend-
ments once they are saturated with P (Kvarnström et al., 2004). Furthermore, the
reuse of industrial byproducts reduces their disposal costs and complexities, besides
being normally inexpensive materials.
Many materials have proven their ability to reduce dissolved P concentrations in
water (Penn and Bryant, 2006; Rhoton and Bigham, 2005; Ballantine and Tanner,
2010; Li et al., 2006). They are characterized according to their sorption and des-
orption potential, which can be preliminarily estimated by batch isotherms (Leader
et al., 2008).
Nonetheless, Penn et al. (2014) cautioned the potential contamination from these
materials, since they are extrinsic to the aquatic environment, where they will be
applied. The authors argued that these materials should not negatively impact water
quality; therefore, monitoring changes in pH and possible increases in ionic content
due to heavy metal concentrations, such as As, Cd, Co, Cu and Zn is indispensable
for a successful operation.
Basically, two alternative strategies have been reported: (1) to apply these mate-
rials on the problematic site as amendments or (2) to force water through PSMs.
In a laboratory work, Rhoton et al (2005) tested P removal potential in ferryhydrite-
amended soils (Fe5HO84H2O), by equilibrating an Fe oxide sludge by-product from a
wastewater treatment plant with soil samples in contact with P solutions in different
concentrations. The authors reported significant reduction in P concentration, ob-
serving that, for soils amended with ferrihydrite, pH is fundamental to determine the
effectiveness of P removal, i.e., soil acid conditions favor P adsorption.
Brennan et al. (2011) also studied different chemical amendments, such as alum,
AlCl2, aluminum water treatment residuals, and their ability to reduce P losses from
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agricultural fields. The experiments, conducted in laboratory, showed that alum
was able to remove 94% of dissolved reactive phosphorus (Brennan et al., 2011). A
similar study, evaluating the effect of P removal amendments in soil, was conducted
by Ballantine & Tanner (2010). They reviewed potential P removal amendments
suitable for constructed wetlands. The authors concluded that allophane, papakai
tephra, limestone and alum were the most appropriate materials to be used as soil
amendments.
Despite the beneficial aspects of PSMs being added as soil amendments, this
practice proved to be inefficient in terms of removal resiliency. Penn and Bryant (2006)
observed that reductions of P in runoff were higher in soils where PSMs were applied
compared to unamended soils. Nevertheless, these reductions were temporary, and
the materials were inefficient after four weeks. With this study, the authors concluded
that especially when dealing with high P soils, treating runoff could be better than
treating the soil itself.
Studies focused on trapping P in surface water have demonstrated successful re-
sults (Stoner et al., 2012; Shilton et al., 2006), some showing removal of almost all
dissolved P in water and retaining the sequestered P. Through this approach, the
PSM is included in a structure installed in runoff paths before it reaches a receiv-
ing water body (Stoner et al., 2012). Once the materials reach saturation, they are
removed and substituted by new PSMs. This strategy differs from soil amendments
because in the latter, P remains in the system and can become soluble again after
some time (Penn and Bryant, 2006).
Steel slag, a type of PSM, has been used in P removal structures, demonstrating
positive results in terms of P sorption capacity (McDowell et al., 2008; Barca et al.,
2014; Bird and Drizo, 2010). It is a byproduct of steel and iron industry, and currently
used mainly in the construction industry (U.S. Geological Survey, 2014). Due to its
composition - slag is rich in Ca and Fe - it has a high affinity for P, sequestering it from
flowing waters through sorption mechanisms: CaO from slag dissolves in water and
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precipitates as CaPO4 or phosphate can also adsorb onto metal hydroxides (Barca
et al., 2014).
Slag has variable composition regarding its trace elements, due to the different
processes that generate this material. Potential leaching of heavy metals is a possible
drawback of using this material in flowing waters (Westholm, 2010). Another problem
that may be caused by slag is the rapid clogging of structures due to reduced particle
sizes: Westholm (2010) cites that slag sizes smaller than 4 mm should not be used.
These intrinsic characteristics can change experimental conditions and the possible
outcomes of a P sorption structure.
Additionally, a substantial drawback regarding the use of PSMs in general as filter
media is their limited retention capacity, meaning that it is necessary to estimate
the structure lifetime as a efficacy parameter for PSMs use. The lifetime and the
overall performance of the structure will depend on the adsorption characteristics of
the material, flow rates, retention time and input P concentrations (Ballantine and
Tanner, 2010).
In a field study, Penn et al. (2012) concluded that the lifetime of a steel slag
structure is 15.4 months. The P removal structure was built to receive runoff water
from a 320-ha area before it reaches a drainage ditch, using 2712 kg of 6.2-11 mm
steel slag. They reported a total dissolved P removal of 25%, but they stated that
this result can be improved by using smaller particle sizes of steel slag. Nonetheless,
the drawback of using a smaller particle size is the reduced hydraulic conductivity,
i.e., less water can be treated during a large rainfall event (Penn et al., 2012).
By using a “melter” steel slag as a filter media in a wastewater treatment plant
, (Shilton et al., 2006) reported 77% of P being removed from discharge water in
one year. They used 10 slag filters in parallel, covering a total area of 28,830 m2 and
treating 2000 m3day−1. After 11 years monitoring the system, the authors concluded
that 22.4 tonnes of total P was removed, with 19.7 tonnes being removed on the first
5 years, indicating the time for slag saturation in that specific situation.
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In summary, PSMs are a promising strategy to mitigate P issues in water bodies.
However, as a strategy in development much is still to understand regarding (1) its
interactions with soil, water and living organisms, (2) its long-term performance in
real environments and (3) the optimal setup and environmental conditions for the
PSM performance.
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CHAPTER 3. MATERIALS AND METHODS
3.1 Overview
A flume (Figure 3.1) was constructed to simulate phosphorus transport processes
occurring in a ditch through a nutrient dynamics study.
Figure 3.1.: Flume Overview
Ditch sediment was collected from Box Ditch at Purdue University’s Agronomy
Center for Research and Education (ACRE) and used to build a 5 cm soil layer
above a 2.5 cm layer of sand. Furthermore, in order to study the interaction between
steel slag and dissolved phosphorus in water and its effectiveness in removing P, the
PSM was added in two predetermined locations of the flume: to form a 2.5 cm thick
layer and to build a dam above that layer, forcing water through the material. The
treatments are detailed later in this section.
Steel slag is the industrial waste from steel production, a magnetically separated
residue (Rittmann et al., 2011) with high affinity for P binding (Barca et al., 2014).
It was chosen as the PSM in the present study due to the facility in obtaining it, its
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low cost and its potential of P removal in various configurations, described by many
authors (Ballantine and Tanner, 2010; Barca et al., 2014; Rittmann et al., 2011;
Stoner et al., 2012).
Constant injections of KH2P04 followed by clear water injections were performed
in order to evaluate P retention under predefined subsurface hydrological conditions
and P concentrations. In that way, the effects of an agricultural nonpoint source
pollutant reaching a ditch or a stream were simulated and the potential of steel slag
to mitigate P contamination was evaluated. During the experiments, water quality
samples and leachate samples - when appropriate - were collected periodically. Soil
and slag samples were also collected after each tested condition in order to provide
more detailed information about the media uptake ability.
3.2 Treatments
A schematic of the flume is shown in Figure 3.2. It is a 10 m long channel with
30 cm high and 30 cm wide. The flume is composed of four 2.5 m sections, which
are separated by chambers, where no media were added. At its base, the flume has
96 access ports, uniformly distributed throughout the channel and was used for the
drainage system.
All flume sections were initially filled with a layer of 2.5 cm of pure silica sand,
creating a base; 40 kg of soil was then added to each section, forming a level 5 cm
deep layer. Prior to be used in the flume, this soil was air-dried and sieved through
an 8 mm sieve. A thin mesh fabric separates these first two media, which are the
common layers present in all sections of the flume.
Steel slag was then placed in two locations above these layers, forming a flow-over
and a flow-through treatment on sections 2 and 3, respectively. To that end, 40 kg
of steel slag was added to each of these two sections, forming a flat 2.5 cm layer. In
addition to the flat layer, 40 kg more were placed in the central 1.20 m of section 3,
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Figure 3.2.: Flume Design - the four sections are separated by chambers, in which
automatic samplers collected samples at predetermined sampling intervals. Through
the drainage access ports, leachate samples were manually collected throughout the
drainage runs.
forming a dam approximately 5 cm high. A mesh fabric also separated ditch sediment
from the steel slag.
Medium sized and small sized steel slags (Figure 3.3) were both provided by Edw.
C. Levy Company, located in Valparaiso, Indiana. The medium slag is designated as
“size 11”, which is an Indiana size classification that includes the range of material
with 10-30% passing a 4.75 mm sieve. The smaller size was sieved in order to have a
standardized size of less than or equal to 5 mm. The same quantities of the medium
and small slags were uniformly mixed and then added to the flume.
Due to their different compositions, each flume section was considered a separate
treatment. They represented different parts of a ditch, through which the effects of a
P removal structure could be evaluated.
The flume configuration is summarized in Figure 3.4. The first section allowed the
evaluation of the potential removal of P by soil by observing the sediment interactions
with high P water under the selected conditions. On section 2, a situation where water
flowed over the slag was simulated, which differs from section 3 because in the latter,
water flowed through the PSM. Hence, section 3 represented an alternative sorption
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(a) Small sized steel slag (b) Medium sized steel slag (“size 11”)
Figure 3.3.: The steel slag used in the flume experiments was a result of a mixture
of particles with different diameter sizes, as shown in this figure.
treatment in terms of retention time and increased opportunities for interactions
between dissolved P and steel slag. Section 4 was considered the “recovery” section,
where stream water re-equilibrated due to the exposure to stream sediment.
Figure 3.4.: Flume Configuration showing the different media composition of each
segment of the flume.
3.3 Experimental procedure
The experimental design was intended to reproduce the effect of consecutive rain-
fall events, through simulating cycles of adsorption and desorption. The adsorption
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phase aimed to recreate a pulse of agricultural nonpoint source pollution reaching
a ditch or stream. During adsorption phases, a continuous supply of high P water
flowed into the channel, with a predetermined P concentration. The desorption phase
represented the period after a rainfall event when all contaminants have been washed
out or baseflow contribution with “clear” water. Each experiment was composed of
three sequential adsorption/desorption cycles, each of them representing a rainfall
event.
Since the flume allows total control of the subsurface hydrological condition, both
drainage and saturation were tested. In saturation, water flows through the 10-m
flume continuously and exits only through the flume outlet (Figure 3.2). During test-
ing of drainage condition, there was an infiltrating or percolating movement through
the layers of media exiting the flume via the access ports at its base, in addition
to the continuous channel flow. For practical reasons, the drainage system intercon-
nected every 12 access ports, in order to generate a reasonable amount of samples
throughout the entire experiment. Since a section contains 24 access ports, each flume
section generated two samples, which were collected periodically throughout the ex-
periment. For both hydrological conditions, water inflow varied between 7.2 and 7.64
L min−1; drainage flow rate totalized 0.4 L min−1, with an equal contribution from
each leachate sampling location.
Besides hydrological conditions, P concentration was also tested at different levels.
In order to simulate a low versus high P input, 1 mg L−1 and 5 mg L−1 of P were
used for the injections, values that reflect what has been reported as characteristic
P concentrations in agricultural runoff (Gilley et al., 2007; Sharpley et al., 1996;
Piotrowski et al., 2011). However, the values used do not capture the lowest extremes
of P concentrations, since in those cases it is already known that PSMs are not
effective: many PSMs are not capable of sorbing P when dissolved P concentrations
are below 0.2 mg/L (Penn et al., 2014).
Therefore, the present study compares the following conditions:
• Saturation 1 mg L−1
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• Drainage 1 mg L−1
• Saturation 5 mg L−1
• Drainage 5 mg L−1
The objective when testing these specific conditions was to assess P retention
by steel slag under contrasting hydrology and concentrations, quantifying the PSM
efficiency and how it would possibly behave in a real ditch situation. Each of the
tested conditions comprises three adsorption/desorption cycles and all the media was
renewed before a new condition started. Moreover, two replicates were performed for
the “Saturation” experiments. No replication was performed for drainage.
A complete set of experiments for one condition was completed in seven days. On
the first day, the flume was saturated by connecting a set of tubing to the access
ports and forcing water through the media by gravity principles (i.e., source of water
higher than the flume level). If the condition being tested was saturation, this set
of tubing was substituted by rubber stoppers right before the injection started on
the next day. For the drainage treatment, a new set of tubing was connected to the
flume, with stopcocks already configured to allow water to flow at 0.05 L min−1. On
the second day, the flume experiments started with the first adsorption event: in a
4-h injection protocol. For the first 30 minutes, clean water flowed through the flume;
for the next 3 hours and 30 minutes of experiment, P was added to the water inflow.
To make the injection solution, 7.483 g or 37.415 g of KH2P04 were combined into
1703.435 L of deionized (DI) water to reach the desired concentration of 1 mg L−1 or
5 mg L−1, respectively, and these were the P concentrations tested in this study. On
the following day (day 3), a desorption event was performed, with inflow of deionized
water for the entire 4-hour period. This sequence of adsorption and desorption was
repeated twice more, completing three cycles.
Water quality samples - 60 ml - were collected automatically every six minutes in
each of the sampling locations, where automatic samplers were installed (Figure 3.5).
These samplers were developed at the National Soil Erosion Research Laboratory
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(NSERL/USDA) and they proved to be cost effective and able to meet this experiment
necessities. A detailed description of their design is available in Yoder (2014). At
these same locations, electro-conductivity meters (Reed Instruments SD-4307) were
installed, automatically recording values every five seconds. These measurements are
helpful to monitor the injection plume (Smith, 2009; Yoder, 2014). pH was also
manually measured using the Eutech Instruments pHTestr 20.
Figure 3.5.: Sampling locations for surface water samples and leachate samples.
During the drainage condition experiment, 60 mL leachate samples were collected
manually every 12 and 24 minutes when injecting 1 mg L−1 and 5 mg L−1, respectively.
The difference in sampling interval among the tested concentrations was simply due
to practical reasons. Nevertheless both datasets were sufficient for a detailed analysis
of P concentration in the drainage water. During the drainage 5 mg L−1 run, the
sampling interval for water quality samples was also extended to 18 minutes for the
last 3 hours.
Before the beginning of each day of experiment, water flow was calibrated by
weight and set to approximately 3.78 kg per 30 sec. The pH meters were also cali-
brated and the clock on the electro-conductivity (EC) meters were adjusted to match
the computer’s clock. This last step was necessary because the auto-samplers were
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coordinated through a computer, which recorded the time information of sample col-
lection. Therefore, in order to have correspondent datasets, the timing must be the
same. During the drainage condition, the timing of leachate sampling was manually
recorded; the first leachate sample coincided with the first water quality sample.
Moreover, samples from the water tank were also collected every 60 minutes, in
order to monitor the background concentration and to calculate the total P mass
being injected into the flume.
After these initial checks and calibrations, water was pumped from the DI water
tank to the flume; the first water quality sample was collected as soon as the flowing
water arrived at the flume outlet. For the adsorption phase, P was added to the tank
thirty minutes after the first water quality sample was collected; for the desorption,
pure DI water flowed through the flume for the entire experiment. The tank was
carefully cleaned after an adsorption phase, preventing any type of contamination in
the next run.
3.4 Sample processing and analysis
Samples were processed concomitantly with the experiment. As soon as they were
collected, samples were filtered through a 45 µm nylon filter into scintillation vials and
then acidified, using 2 drops of HNO3 50% solution for 20 mL of sample, which is the
final material for analysis. The other 40 mL of a sample were preserved and frozen.
The new 20 mL samples were refrigerated; an approximately 10 mL aliquot was used
for the P content analysis and the rest was again refrigerated for further comparative
investigations when necessary. The filtration process is necessary in order to (1)
remove potential interferences due to dissolved solids (U.S. Environmental Protection
Agency, 2007) and (2) to obtain the total dissolved P concentrations (Rusu et al.,
2012). The acidification aims to preserve the sample in terms of chemical composition.
Inductively coupled plasma-atomic emission spectrometry (ICP-AES) was used
to analyze the content of P in each of the collected samples. Additionally, random
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samples were chosen to analyze their chemical composition for 16 other elements in
order to track the possible release of undesired elements by steel slag, such as heavy
metals.
A study about the use of slag to mitigate P contamination in Sweden showed that
blast furnace slag leaches heavy metals to the environment, although in the same
degree as natural gravel (Westholm, 2010). Penn et al. (2012) argued that steel slag
from different sources presents a natural variability in terms of chemical composition,
which can raise concerns about the possibility of contamination from slag.
Because of this contamination possibility, we analyzed the chemical composition
of selected samples for dissolved analytes, listed on Table 3.1 as well as their concen-
tration range. Concentration range for each element were determined after observing
their maximum and minimum concentrations in samples from drainage 1 mg L−1 us-
ing 0 mg L−1, 0.1 mg L−1, 1 mg L−1, 10 mg L−1 and 20 mg L−1 calibration standards.
Predicting the possible concentrations through this first analysis allowed us to create
standardized calibration solutions. A complete description of ICP-AES method can
be found in U.S. Environmental Agency (2007).
3.5 Materials Characterization
After completing the experiments for one condition, i.e., after a 6-day injection,
sediment and slag samples were collected from the flume. Approximately 0.75 kg of
soil were collected throughout the entire extension of each section; the same amount
of slag was collected from section 2 and 3. Therefore, per condition, six media samples
were generated: four soil samples from each flume section and two slag samples, one
from section 2 and the other one from the dam in section 3. All materials were
air-dried and stored individually, except for drainage 5 mg L−1; samples from this
condition were frozen right after being collected - it was the first condition and a
protocol for the collected samples was not yet stablished.
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Table 3.1.: Calibration range for the elements considered in the ICP-AES Analyses
Element Calibration range (mg L−1)
Aluminum (Al) 0 - 2
Arsenic (As) 0 - 0.2
Calcium (Ca) 0 - 100
Cadmium (Cd) 0 - 0.1
Chromium (Cr) 0 - 0.1
Copper (Cu) 0 - 0.1
Iron (Fe) 0 - 0.2
Potassium (K) 0 - 0.1
Magnesium (Mg) 0 - 20
Manganese (Mn) 0 - 0.1
Nickel (Ni) 0 - 1
Phosphorus (P) 0 - 10
Sulfur (S) 0 - 20
Zinc (Zn) 0 - 1
Several methods have been developed to analyze P interaction with soil, water
and other media, and each one of them target different forms of P (Pierzynski, 2000).
Mehlich 3 extractable P, readily exchangeable P and P sorption isotherms (Smith,
2009) are examples of those analyses, aiming to characterize the materials physically
or chemically in terms of P sorption. In this study, sorption isotherms were performed
in order to estimate the P adsorption capacity of steel slag and soil by equilibrating
these materials with different P concentration solutions.
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3.5.1 Batch isotherms
Standard batch isotherms were conducted using 2 g of steel slag or sediment in
40 mL of isotherm solution. Both adsorption and desorption phases were simulated.
In the desorption phase, a 0.01M CaCl2 solution prepared with DI water equilibrated
for 24 hours in an end-over-end shaker with the respective sample. In the adsorption
phase, 2 g of sediment or slag equilibrated in a shaker for 24-h in 40 ml of 0, 1, and
5 mg L−1 solutions for the samples collected after the experiments. For slag samples
obtained from the same stockpile where the material to fill the flume was obtained,
i.e. before the experiments, 0, 1, 5, 10, 100, 200, 400, and 800 mg L−1 isotherms
where performed.
The source of P was the same that was used in the flume injections, i.e., KH2PO4.
EC, temperature and pH were measured before and after shaking in each of the
phases. The batch isotherms were performed in duplicates.
After removing samples from the shaker, the suspensions were allowed to settle
and then 20 mL aliquots of the solutions were filtered through a 0.45 µm nylon
membrane and acidified with two drops of 50% HNO3. After reweighting the material,
the final samples were analyzed for P concentration in the ICP-AES. Through these
experiments, the P content in the original and used materials was determined, in order
to draw complementary conclusions about P sorption potential and the influence of
different P concentrations on that potential. pH was also manually measured before
and after the equilibration time using the Eutech Instruments pHTestr 20.
3.6 Data analysis
The analysis of surface water samples and leachate samples allowed the quantifica-
tion of P sorption by difference, comparing the total mass injected and the calculated
total mass existing after each section. Therefore, the four treatments were differenti-
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ated in terms of removed P mass. With the dissolved P concentrations obtained in
the ICP analysis, the total mass (in mg) was found through equation 3.1.
Pmass = Pconc ∗ FRate ∗ SampInt (3.1)
where PConc is the P concentration in mg L−1; FRate is the flow rate (L min−1) and
SampInt is the sampling interval in minutes.
For the drainage runs, the flow rate is different in each of the sampling locations,
since each section has an individual contribution to the total leachate rate. Therefore,
the flow rates were calculated by considering the leachate rate in each section. For
example, in the first sampling location, the flow rate was obtained by subtracting 0.1
(L/min) - which is the drainage from each section - from the inlet flow rate. Also,
since flow rates were measured every 30 minutes of the experiment, the variations
were also considered in the P mass calculations.
Knowing the injected P concentration, the following were calculated (1) the per-
centage of P mass removed or possibly added to the system - particularly in the
desorption phases - (2) the variations in P mass with time and location in the flume
and (3) the individual contributions of each section to the experiment outcome. With
this information, the different conditions and the differences between sediment, flow-
over and flow-through removal were compared. Moreover, by analyzing the removal
throughout the adsorption/desorption cycles, it is possible to assess how slag efficiency
changes after repeated P input events.
Additionally, pH and EC data allowed for water quality control and for monitoring
the effects of the slag throughout time and space.
After being analyzed, the isotherm results for steel slag collected before the exper-
iments were used to determine P adsorption capacities from the difference between
the concentration found in the sample aliquots and the input concentration. The
Langmuir nonlinear equation was used (Drizo et al., 2002):
Pa = abC/(1 + aC) (3.2)
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where Pa is the mass of P adsorbed per unit mass of slag (mg of P g
−1), a is the
constant for binding strength of P into slag, b is the maximum P adsorption capacity
(mg P g−1) and C is the concentration of P in solution after the 24-h equilibration.
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CHAPTER 4. RESULTS AND DISCUSSIONS
4.1 Steel slag and sediment characterization
The isotherm results for the original soil and steel slag are presented in Table 4.1,
which summarizes the elemental analyses on these samples. As detailed previously,
solutions of 0, 1 and 5 mg L−1 were equilibrated for 24 hours with slag or sediment
samples in order to evaluate their maximum potential for P desorption or sorption.
For slag, 10, 20, 40, 100, 200, 400 and 800 mg L−1 isotherms were also performed.
Aliquots from those solutions were collected after the equilibrating period and ana-
lyzed for 17 analytes, including P, with two replicates for each material.
The “original samples” were obtained from the same stockpiles of slag and soil
that were used to pack the flume. For the original slag, 100% of the injected P was
removed from solution in the 1, 5, 10 mg L−1 scenarios and no P was released in
the desorption phase (0 mg L−1); soil removed the majority of the total P, with an
average removal of 98.5% and 73% in the 1 and 5 mg L−1 phases, respectively. It also
did not release any P in the desorption phase.
The complete isotherm results for “original” samples of slag are shown on Figure
4.1. Steel slag maximum adsorption capacity was 4.60 mg of P g−1, which represent
the slag saturation point. Drizo et al. (2002) reported 1.35 mg g−1 of slag in a similar
batch equilibrium technique. They discuss that differences in P sorption capacities
may happen due to several factors, such as the nature of the material used and the
period and temperature of contact between solution and slag.
The results imply that in the presence of a higher P input, soil saturated more
rapidly, not being able to remove all of the P in solution, and, therefore, with a lower
sorption capacity than slag, which removed the entire P mass in water. Also, since
none of the materials released P, it is plausible to say that possibly neither soil nor slag
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Figure 4.1.: P retained in slag according to the P mass added in the 0, 1, 5, 10, 20,
40, 100, 200, 400 and 800 mg L−1 isotherms.
had P in their composition initially. For slag, this is definitive and confirmed through
a elemental composition analyses - energy-dispersive X-ray (EDX) spectroscopy anal-
ysis. For soils, that could be also true, but an alternative explanation could be that
the equilibration time was not enough to release the P present in these materials.
As discussed before, one of the concerns in using steel slag and PSM’s in general,
is the possibility of releasing undesired contaminants to the environment. Because
of that, isotherm solution samples were analyzed for 16 additional elements, and the
results are presented in Table 4.1 for the original materials.
The heavy metals being considered in this analysis are those cationic metals most
commonly found causing problems in soils (National Resources Conservation Service,
2000) - As, Cd, Cr, Cu, Mn, Ni, Zn, except for mercury (Hg) and lead (Pb), due to the
lack of proper instrumentation. Slag presented slightly higher concentrations of Cr,
but according to NRCS (2000), these numbers are still much lower than the maximum
concentrations allowed for materials being applied in soils, which is 3000 mg kg−1.
High concentrations were observed for Ca when compared to the other elements, both
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Table 4.1.: Elemental concentrations in isotherm solutions - the values are expressed
in mg L−1; they represent the concentrations found in isotherm solutions after 24
hrs. pH was also measured before and after the equilibration time.
Element
Original Soil Original Slag
0 mg L−1 1ppm 5ppm 0ppm 1ppm 5ppm
Al 0.05 0.05 0.05 15 35 10
As 0.001 0.004 0.002 0 0 0.001
B 0.020 0 0 0.1 0.1 0.1
Ca 285 285 285 310 350 305
Cd 0 0 0 0 0 0
Cr 0 0 0 0.1 0.01 0.01
Cu 0 0 0 0 0 0
Fe 0.01 0 0 0.01 0.01 0.01
K 1.50 2 4 1 3 0.20
Mg 10 12 12 0.22 0.05 0.35
Mn 0 0 0 0 0 0
Na 1.70 1.50 1.50 1.35 1.60 1.60
Ni 0 0 0 0 0 0
P 0 0.01 1.35 0 0 0
S 1.50 1.90 1.60 2.05 3.50 1.50
Si 3.80 5.70 4.50 1 1 2
Zn 0 0 0 0 0 0
Initial pH 7.85 7.23 6.54 8.22 7.84 6.8
Final pH 7.96 7.89 7.58 10.78 11.37 10.45
in soils and slag. That was expected for slag since Ca is one of its main components:
approximately 24% of slag weight is composed of Ca, as determined in a preliminary
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EDX analysis. Fe and Al are also significant components of slag with 9.8% and 6.5%
respectively, of its total weight. These three elements - Ca, Fe and Al - appear as
oxides, the reason why oxygen represent more than half (52.2%) of slag composition.
Regarding the Al, its concentrations in slag isotherms were higher than what was
found for soils, a reflection of slag intrinsic Al concentrations (Table 4.1). Fe, despite
of its presence in the slag, was not found in the isotherm solution, which possibly
means that this element is tightly bounded to slag particles, not being released to
water during the evaluated equilibration time. Mg and Si, which respectively repre-
sents 2.4% and 3.1% of slag composition - also determined through the EDX analysis,
showed higher concentrations on original soil isotherms when compared to slag solu-
tion. The Mg and Si results possibly reflect the elements presence in the sediment
composition.
Overall, steel slag presented similar heavy metals concentrations when compared
to the original soil, as observed in Table 4.1. Hence, the slag used in this experiment
is no worse than existing sediment in agricultural streams in terms of chemical com-
position that poses a threat in real environment situations. Although, as mentioned
earlier, slags have intrinsic and specific chemical characteristics due to their produc-
tion processes, which results in a natural variability among different slag (Penn and
McGrath, 2011), so this conclusion cannot be generalized.
In terms of water quality, pH increased considerably in steel slag isotherm solutions
when comparing before and after the 24-h equilibration time (Table 4.1). The greatest
difference was observed for the 5 mg L−1 isotherm, when pH increased from 6.8 to
10.45; hence, it appears that P concentration also had a considerable effect on pH.
In the soil solutions, the increase was less than one unit for all concentrations tested.
Pure DI water had a pH of 6.8. This pH elevation was also observed during the flume
experiments, which will be detailed in the next section.
It is interesting to analyze pH in experiments with PSMs, because these materials
tend to elevate the pH of the treated water (Barca et al., 2014; Penn et al., 2012),
possibly affecting water quality and aquatic life. However, since we used DI water in
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this study - with no buffering capacity - the observed increase in pH was higher than
what researchers usually detect and is not representative of a real ditch situation.
As mentioned before, after an experimental condition was completed, the entire
flume media was replaced with new sand, steel slag and soil from the same stocked
material in which we obtained the original samples for the isotherms. Before removing
the media from the flume, steel slag and soil samples were collected, and isotherms
were performed. The same initial concentrations used on the original materials were
applied - 0 mg L−1, 1 mg L−1 and 5 mg L−1. The samples are described on the
schematic below (Figure 4.2).
Figure 4.2.: Denomination of the collected media samples after each completed
experimental condition.
In the 0 mg L−1 isotherms, which represent the desorption phase, the results
showed that soils and slag collected after the three adsorption/desorption cycles of
Saturation 1 and 5 mg L−1 experiments, did not release any of the P that was se-
questered during the experiment (Table 4.2). For the samples collected after drainage
conditions, similar quantities of P were released from the soils to the solution. How-
ever, P released from the 5 mg L−1 run differs from the 1 mg L−1, since after the
latter, only SOIL1 and SOIL2 released P, whereas in the former, all soils and slag
released P. The concentrations found for slag were slightly lower than the ones found
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for soils in drainage 5 mg L−1, which can be a suggestion that slag was able to more
effectively retain P after a long equilibration time.
The 0 mg L−1 isotherms results can be distinguished from the flume results due
to the fact that, in the flume, release of P was observed during the desorption phases.
This difference can be explained due to the characteristics of the fast and slow sorption
processes through which P is sequestered by a media. P sorbed onto the slag surface
through fast adsorption can more easily return to water during the desorption phases
in the flume experiments, since it is loosely bounded and not integrated in the slag.
Hence, the P that is actually retained by slag is sequestered through time-dependent
processes, and this P was not released in the 0 mg L−1 isotherms.
Table 4.2.: 0 mg L−1 concentrations in isotherms solutions after the equilibration
time (mg L−1) - average concentrations in two aliquots collected from the isotherm
solutions after equilibration time.
Exp Conditions SOIL1 SOIL2 SOIL3 SOIL4 SLAG2 SLAG3
Drain 5 mg L−1 0.2 0.2 0.2 0.2 0.10 0.10
Drain 1 mg L−1 0.15 0.15 0 0 0 0
Sat 1 mg L−1 0 0 0 0 0 0
Sat 5 mg L−1 0 0 0 0 0 0
When 1 and 5 mg L−1 solutions were used as the initial isotherms concentrations,
SLAG2 and SLAG3 were able to sequester all of the P in solution, which means that
the maximum sorption capacity of this material had not yet been reached during the
experiments (Tables 4.3 and 4.4). Hence, we could not differentiate slag behavior in
the different experiments solely based on the 1 and 5 mg L−1 isotherms results.
In relation to the soil samples, those taken after the 5 mg L−1 flume experiments
- both drainage and saturation - were able to sequester a smaller percentage of P in 5
mg L−1 isotherms than in 1 mg L−1, as tables 4.3 and 4.4 show. In percentage terms
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Table 4.3.: 1 mg L−1 concentrations in isotherms solutions after the equilibration
time (mg L−1) - average concentrations in two aliquots collected from the isotherm
solutions after equilibration time.
Exp Conditions SOIL1 SOIL2 SOIL3 SOIL4 SLAG2 SLAG3
Drain 5 mg L−1 0.1 0.01 0.05 0.05 0 0
Drain 1ppm 0.01 0.01 0 0 0 0
Sat 1ppm 0.02 0.01 0.1 0.01 0 0
Sat 5ppm 0.02 0.03 0.08 0.01 0 0
Table 4.4.: 5 mg L−1 concentrations in isotherms solutions after the equilibration
time (mg L−1) - average concentrations in two aliquots collected from the isotherm
solutions after equilibration time.
Exp Conditions SOIL1 SOIL2 SOIL3 SOIL4 SLAG2 SLAG3
Drain 5 mg L−1 1.50 1.15 1.40 1.50 0 0
Drain 1ppm 1.10 0.90 0.90 1.05 0 0
Sat 1ppm 1.25 0.60 1.20 1.20 0 0
Sat 5ppm 1.60 1.20 1.20 1.30 0 0
(Figure 4.3), soils removed between 70-85% of total P in the 5 mg L−1 isotherms,
whereas in 1 mg L−1, 90-100% of the inital P was retained in soils, which confirms
the more rapid soil saturation for higher inputs.
These results provide preliminary insights about slag resilience, since it was able
to retain the sequestered P during the desorption event. From the isotherms, it was
possible to conclude that slag did not reach its entire sorption capacity in any of
the conducted flume experiments. Therefore, during three adsorption and desorption
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Figure 4.3.: Soil P percentage retention in isotherms according to the condition
after which the material was collected: a higher removal in 1 mg L−1 isotherms can
be observed for all tested soils.
events, which simulated three different rainfall events, slag was still effective in re-
moving P. Through this simple and preliminary experiment, slag also demonstrated
a higher removal ability compared to soils.
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Nonetheless, batch isotherms only indicate the potential of the material to remove
P, because they represent an ideal environment, where equilibration is allowed to
happen during a much longer time than what actually happens in an agricultural
ditch or stream. Penn and McGrath (2011) confirmed this aspect of batch isotherms,
showing that they were unable to predict the behavior of a P removal structure. In a
real situation, the contact time and contact area is less than what is normally found
in equilibrium isotherm measurements.
Assuming that the steel slag used in the flume experiments had an average diam-
eter size of 4 mm and that its particle density (ρ) is approximately 3.30 g cm−3, we
can calculate a hypothetical surface area to elucidate the differences between an ideal
condition - isotherms - and a real situation - simulated by the flume. For this calcu-
lation, it was also assumed that slag particles had a spherical form, with a calculated
volume of 0.034 cm3. The total surface area in 80 kg of slag - the amount placed flat
in sections 2 and 3 - is 35.65 m2; the flume section surface area is 0.75 m2.
Therefore, slag exposed surface area in section 2 is only 2% of its total particle
surface area. In section 3, because of the dam, it is plausible to infer that the slag
particle surface area increased by 50%, since an additional 40 kg were added to form
a mound in the middle of the section, allowing water to flow through the particles.
However, in isotherms, 100% of the surface area is in constant contact with the
solution, contributing to a more efficient removal.
Despite these intrinsic differences between batch isotherms and flow-through sit-
uations, many PSMs have been characterized using isotherms (Leader et al., 2008),
which allowed for the comparative evaluation of these materials according to their
maximum sorption potential. However, Penn and McGrath (2011) emphasized the
importance of having a realistic retention time when PSMs are the object of a study,
since surface area and contact time are determining factors of P removal. The results
presented in the next sections show some of the implications of these factors - in
conjunction with other characteristics of the removal - among the tested conditions
in the flume experiments.
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4.2 Flume injection experiments
The average flow rate was 7.308 L min−1, among all the experiments, with star-
dard deviation σ=0.557 L min−1. The greatest variations happened during the first
experiments (drainage 1 mg L−1 and the first replicate of saturation 5 mg L−1), due
to the use of a falling head water tank, which was changed later for a constant head
apparatus. During the drainage experiments, the drainage flux rate for all sections
had an average of 0.497 L min−1, with an infinitesimal variation (σ=0.0013 L/min).
In real situations, Sharpley et al. (2007) discussed that under both high and low
flows, agricultural drainage ditches are potential paths for dissolved P. The authors
cited studies that proved P retention to be more efficient ”during low flow or base
flow conditions”. However, P retention can also happen during storm flow (Sharpley
et al., 2007).
All the P mass results showed in the following sections were calculated based on
individual flow rates estimated for each sampling time, according to the interval of flow
measurement and to the section, when analyzing drainage runs. Since flow rate was
measured at the flume outlet approximately every 30 minutes, linear interpolations
were used to consider gradual variations over the experiment time, which provided a
better estimation of total P mass being transported. P mass was calculated for every
sampling interval - recorded automatically by the auto-samplers command program
- according to equation 3.1.
Across all adsorption runs, between 14 and 55% of total injected P was retained
in the flume, and section 3, the flow-through section, was responsible for most of that
retention when compared to the other sections - on average approximately 25% of
the total injected P for one condition was retained in section 3. The first replicate of
“Saturation 5 mg L−1” showed the greatest performance among all conditions tested
(Tables A.1-A.6).
Steel slag has shown a high removal efficiency in many studies, in which it is
normally used as a filter material, i.e., in a flow-through setting. Bird and Drizo
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(2010) reported a removal efficiency of 75% in an injection of 42.46 mg L−1 through
a series of filters composed of steel slag with a hydraulic retention time of 18 h. The
higher P removed was possibly due to the high retention time and elevated P input
concentrations. Westholm (2010) reported a 40-53% P removal in several studies
in Sweden, with different P input concentrations and slag setups. In a field scale
flow-through structure, steel slag removed 25% of all the dissolved P load during 5
months of operation (Penn and McGrath, 2011) in a setup that resembles section 3
of the flume. Barca et al. (2014) aiming to evaluate slag type, size and composition,
performed a 52 week study in a laboratory setup by injecting a 10 mg L−1 P solution;
the authors had a considerably higher retention, registering 88-99% overall retention.
As stated before, the slag is a Ca-rich material and one of the implications in
using this type of media is that it normally causes an appreciable increase in pH. In
the present experiments, this increase was observed after section 3 in all runs, and
the higher levels were maintained along section 4. These levels were in the range of
9 to 11, whereas in the prior sections, pH was between 6 and 8. pH was measured
during the runs using a hand-held pH meter. The impact of pH increase after the
slag treatment would probably be diminished in real situations, due to the fact that
deionized water was used in the laboratory setup. The natural buffering that water in
agricultural ditches and streams exhibits would be expected to moderate the drastic
increments. Also, at the end of the adsorption phases, pH in sections 1, 2 and 3
tended to diminish approximately one unit in relation to its initial values, while in
section 4, pH stayed relatively stable.
The summary of P mass results are shown in Appendix 1. For drainage conditions,
the mass found in leachate samples was added to the output of a section, since both
represent losses to the environment. Detailed analyses on the results will be presented
in the next sections.
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4.2.1 Effects of PSM placement on P retention
PSM structures can be designed as desired, being able to treat an entire ditch flow,
a tile drain or a tile drain outlet only (Penn and McGrath, 2015). In real situations,
they can be installed directly in the ditches or in agricultural fields. The flume
experiments allowed the simulation of possible scenarios regarding the installation of
PSM structures.
Two treatments were tested to compare slag placement: sections 2 and 3 simu-
lated a flow-over treatment and a flow-through treatment, respectively. Through this
experimental setup, hypotheses could be elaborated regarding the efficiency of slag.
Initially, it was expected that section 3 would retain more P comparatively, due to
turbulent mixing, increased contact area and retention time. Examples in literature
(Bird and Drizo, 2010; Penn and McGrath, 2011; Penn and Bryant, 2006), in which
flow-through settings were tested, showed a considerable efficiency of these structures,
as cited above, supporting that initial hypotheses.
Section 3 was able to remove P in all the conditions tested; Section 2 removed P
in all runs but one - the second adsorption phase in drainage 1 mg L−1 run (Figure
4.4).
As expected, P removal was consistently higher in section 3 when compared to
section 2 in all of the performed adsorption phases (Figure 4.4). On average, sections
2 and 3 retained respectively 6% and 36% of P total injected mass. In terms of mass,
as Table 4.5 shows, the differences in retention are easily visualized, with section 3
removing considerably more than section 2. Compared to the other sections, it is
noteworthy that the retention in section 2 in some cases are equivalent or lower than
the retention by soils.
A paired t test was performed, in which the null hypothesis stated that section
2 removal was identical to section 3 removal (H0 = Section 2 retention - Section 3
retention = 0). The null hypothesis was rejected with t statistic value of -6.27 (p-value
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Figure 4.4.: P mass removal in sections 2 and 3 - “Difference (mg)”, presented in
mg, represent the difference between output and input in each section. The scale is
different for 1 mg L−1 and 5 mg L−1 runs.
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< 0.0001). Therefore, Section 2 and Section 3 retentions are statistically different,
confirming the initial expectation.
Table 4.5.: Net P mass: differences between sections in terms of P retention. The
values, presented in mg, represent the difference between output and input in each
section, considering all the experiments for one condition.
Condition Injected P mass Section 1 Section 2 Section 3 Section 4
Drainage 1 mg L−1 4220 -60 -35 -1235 195
Saturation 1 mg L−1 (1) 4460 65 -305 -1600 -460
Saturation 1 mg L−1 (2) 4680 -380 -250 -1300 250
Drainage 5 mg L−1 21820 -15 -925 -2040 -170
Saturation 5 mg L−1 (1) 23770 -1840 -815 -10370 -270
Saturation 5 mg L−1 (2) 23280 -2480 -520 -4465 -585
These differences between flow-over and flow-through configurations are possibly
an effect of a greater hydraulic retention time (RT) observed in the flow-through
segment, Section 3. Tortuosity and increased contact time for adsorption, precip-
itation and complexation (Ballantine and Tanner, 2010) improved retention in the
flow-through treatment. This dependency on RT was also observed by Penn and
McGrath (2011) and detailed by Stoner et al. (2012), who argued that RT is a de-
termining aspect for P removal when the slow P capture, i.e. precipitation, is the
dominant sorption mechanism. The greater removal in section 3 is also a result of a
greater contact area, since the dam forces water through the slag, which is different
from section 2, where water is only drawn into the slag by diffusion and/or turbulent
mixing.
The electrical conductivity (EC) data provided an approximate estimate of RT in
the flume experiments, through observing the breakthrough curves and the common
patterns exhibited by the sections in adsorption phases (Figure 4.5). When P is
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injected, EC shows a rapid increase, which happens at different moments along the
flume; the moment when the peak happens or when that increase starts was used to
compare the RT within each section. The average RTs are presented on Table 4.6.
Figure 4.5.: Example of a EC breakthrough curve. Due to the rapid changing
patterns, the RT in each section could be identified.
Table 4.6.: Retention time in adsorption phases - in section 3, a higher RT was
reported in the evaluated experiments.
Section Average time (min)1 Std. Dev.2
Section 1 2.97 1.83
Section 2 4.44 1.45
Section 3 9.75 3.25
Section 4 4.84 1.82
1Average time across all experiments
2Standard deviation (minutes)
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Figure 4.6.: The relation between retention (%) and retention time (min) in sections
2 and 3. The negative values of retention mean that P was removed from water;
positive values represent P being added to the flowing water. Overall, Section 3
shows the greatest retention and the longest retention times.
Despite the variation in RT when comparing the different experiments, section 3
had a considerably longer RT when compared to the other sections for most of the
adsorption phases (Figure 4.6). The Pearson correlation between RT and P retained
(%) was 0.8.
Furthermore, not all adsorption phases were considered for this calculation, since
in some of them (specifically, ADS1 from Drain 1 mg L−1, ADS3 from SAT 1ppm,
ADS2 from Sat 1ppm rep 2, ADS1 from Sat 5 mg L−1 and ADS1 and ADS 2 from SAT
5 mg L−1 rep 2), a strong graphic trend in EC breakthrough could not be identified
due to extreme variability in the EC data.
The behavior of sections 2 and 3 could also be differentiated when observing the
results of the desorption phases (Table 4.7) separately. When looking at the 1 mg L−1
runs, the overall P mass added to the system was always greater in section 3, reversing
52
Table 4.7.: Overall P mass additions in desorption phases - sum of total mass that
sections 2 and 3 contributed to the system during all runs of one condition
Condition Section 2 (mg) Section 3 (mg)
Drainage 1 mg L−1 40 340
Saturation 1 mg L−1 30/105 360/240
Drainage 5 mg L−1 595 830
Saturation 5 mg L−1 620/540 255/320
the pattern observed in the adsorption runs. The same happened in drainage 5 mg
L−1, however, in the 5 mg L−1 saturation replicates, section 2 was responsible for the
higher additions in both replicates. This can possibly indicate that for high P inputs
and saturated conditions, flow-through slag could more efficiently retain the sorbed
P than when water flowed over the material.
4.2.2 Effects of subsurface hydrology on P retention
Drainage and saturation were compared in the flume experiments. The differences
between these two conditions explain P transport processes occurring in losing and
“saturated” streams or ditches, which represent respectively a negative hydraulic flux
and a neutral hydraulic flux from the water column. A losing stream, i.e., drainage,
forces surface water to have a lower discharge rate when compared to saturation,
affecting RT and contact surface between the solution and slag particles.
In terms of P retention, it was expected that drainage would be responsible for
sequestering more P when compared to saturation, independent of the input P con-
centration. The nutrient loads in inflow waters depend on the subsurface hydrology
(Abtew and Bechtel, 2001), which, therefore, directly affect P retention in agricultural
drainage ditches.
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However, through the analyses of surface water samples, neither 1 mg L−1 nor 5
mg L−1 showed these results (Tables 4.8 and 4.9). In the 1 mg L−1 injection, the
differences between saturation and drainage were subtle. When analyzing an entire
experiment for a specific condition, adding together all the input mass and comparing
to the sum of output mass, 33.5% of the injected P on average was retained in the
“Saturation 1 mg L−1” runs versus 29.1% in “Drainage 1 mg L−1”. In the 5 mg L−1
injections, 45.3% was retained in saturation (average of both replicates) versus 15.2%
in drainage runs. Tables 4.8 and 4.9 show these results in terms of mass retained.
Table 4.8.: 1 mg L−1 injection: Drainage versus Saturation - mass difference in a
section when comparing the P mass input and the mass found in its outlet. All
results are being presented in mg.
Section
Saturation - Diff. Drainage - Diff.
ADS1 ADS2 ADS3 ADS1 ADS2 ADS3
Sec 1 100/-65 -10/-140 -95/-180 15 -120 0
Sec 2 -145/-100 -120/-120 -75/-135 -60 60 -70
Sec 3 -650/-575 -640/-480 -670/-495 -625 -490 –460
Sec 4 125/55 185/80 140/85 80 75 85
Total -570/-680 -580/-660 -700/-725 -600 -500 -470
Diff% -40/-45 -40/-40 -45/-50 -50 -35 -30
Therefore, overall, both the 1 mg L−1 and the 5 mg L−1 runs contradict the initial
hypothesis that under drainage the P retention would be greater (Tables 4.8 and
4.9). Actually, under saturation, the system was able to remove more P than when
drainage was applied; therefore, these differences cannot be explained in terms of RT
of surface water, rather, the creation of flow paths throughout the experiment phases
could have contributed to this unexpected result.
With lower input concentrations - 1 mg L−1, the differences in subsurface hy-
drological conditions apparently did not affect P removal at first, although, in later
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Table 4.9.: 5 mg L−1: Drainage versus Saturation - mass differences between output
and input P mass in each section, calculated through the sum of P mass in water
surface samples. The results are in mg.
Section
Saturation - Diff. Drainage - Diff.
ADS1 ADS2 ADS3 ADS1 ADS2 ADS3
Sec 1 -720/-880 -665/-1000 -600/-620 -270 400 280
Sec 2 -320/-100 -425/-655 -695/-310 -670 -220 -640
Sec 3 -5500/-3000 -4120/-695 -1000/-1090 -690 -620 -1555
Sec 4 45/-515 110/100 -370/-190 -405 -400 55
Total -6490/-4495 -5100/-2245 -2660/-2210 -2055 -870 -1895
Diff% -85/-55 -60/-30 -35/-30 -25 -15 -30
cycles, slag also reduced its sorption during drainage, different from saturation that
maintained the same mass removal levels.
Analysis of variance for saturation runs
Since replicates were performed for saturation, an ANOVA could be developed to
compare the mass and concentration results of those runs, evaluating its performance
in terms of P retention. The 1 mg L−1 and 5 mg L−1 replicates of saturation were
considered blocks in time and analyzed separately for adsorption phases and desorp-
tion phases. For adsorption, two parameters were evaluated: P mass retention and
P steady-state concentration. For desorption, only P mass retention was evaluated,
since most of the final (or steady-state) concentrations were 0.
Four variables - replicate(block), P injected concentration, cycle number and sam-
pling sites - and their respective interactions were included in the model. Some of
these interactions could be removed, since it was proven that they were not a signifi-
cant source of variation.
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P injected concentration, i.e., 1 or 5 mg L−1, and sites were considered fixed
effects. Sites refer to the sampling locations, sections 1, 2, 3 and 4; the overall
retention in the flume was also considered a “site”. Blocks (or replicates) and cycles,
which are the first, second or third adsorption or desorption phases, were considered
random. The data for adsorption and desorption phases were analyzed separately at
95% significance level.
When analyzing the adsorption data, the input P concentration was statistically
significant for P mass retention (Table 4.10). This means that P mass averages in
adsorption phases were significantly different when comparing 1 and 5 mg L−1. For
P final concentrations in adsorption phases and also for P mass in desorption, this
difference was not significant.
Table 4.10.: Analysis of variance for saturation: ANOVA Model
Source
P Conc. - ADS P Mass - ADS P Mass - DES
F value p-value F value p-value Fvalue p-value
Block 1693.2 <0.0001 98.94 <0.0001 33.12 <.0001
P Conc. 1.85 0.19 6.80 0.018 3.13 0.0939
Cycle 6.03 0.0099 7.19 0.0051 0.50 0.6153
Block*Cycle 8.52 0.0025 7.96 0.0033 0.15 0.8608
Site 33.21 <0.0001 44.68 <.0001 48.57 <.0001
Block*Site 13.69 <0.0001 19.75 <.0001 17.70 <.0001
P Conc.*Site 4.11 0.015 3.78 0.021 0.15 0.9620
Block*P Conc.*Site 2.87 0.045 3.98 0.0131 1.14 0.3775
Block*Cycle*Site 2.35 0.042 3.14 0.0108 2.72 0.0220
The adsorption/desorption cycle number was not significant when looking at des-
orption phases (Table 4.10). For P final concentration and P mass, consecutive cycles
were significantly different when looking at adsorption data. This means that the re-
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peated input P injections affected P mass retention and final P concentrations in the
adsorption runs of saturation, and the opposite happened during desorption phases.
“Site” was statistically significant in all the parameters tested in this model, prov-
ing that the flume sections are different in terms of P mass retention and steady-state
concentrations.
4.2.3 Effects of adsorption and desorption cycles on P retention
The individual analyses of the adsorption and desorption cycles and, hence, the
consequences of time in retention helped establish common characteristics in P sorp-
tion in order to provide more details about the differences between the subsurface
hydrology conditions tested in the flume.
Ignoring the effects of treatments and conditions, an analysis of variance (one-way
ANOVA) was performed in order to assess the possible differences among the means
of each adsorption and desorption cycles separately. In reality, it is known that the
subsequent adsorption phases are not independent, since the same media were used
during an entire condition, in order to examine time and repeated P input effects on
retention. Also, lumping the different conditions under the same data vector and test
their overall means might bias the results.
Hence, the null hypothesis was that the average of all ADS1 phases from all
conditions was equivalent to the average of all ADS2 phases and the average of all
ADS3 phases. The same hypothesis was stated for the desorption phases in a separate
ANOVA. The analysis was performed in the software SAS 9.4 using the general lineal
model procedure.
The null hypotheses could not be rejected considering a 95% significance level
for adsorption phases and desorption phases. The p-value associated with the F
statistic was 0.333 from the adsorption phases analysis and 0.533 for desorption runs.
From this analysis, it can be concluded that the average of all adsorption phases are
equivalent and the same conclusion can be made about desorption phases. Hence,
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according to this analysis, the behavior of the system in terms of removal are not
significantly different when comparing the consecutive adsorption or desorption cycles,
confirming that slag retention capacity was not affected by the repeated cycles.
For the reasons already explained, these results must be interpreted carefully. In
order to understand the system behavior during repeated P input cycles under the
different conditions, an exploratory analysis such as the one developed in this section
is crucial to separate their effects.
Low versus high concentration injections
In the 1 mg L−1 runs, the overall removal along the system repeats the same
patterns found on section 3, since that section was responsible for the bulk of P
retention in all runs (Table 4.8). Drainage and saturation had relatively similar results
when looking at ADS1 (600 mg versus an average of 625 mg retained, respectively),
although, they can be differentiated due to the repeated cycles and their effects on the
removal, with drainage exhibiting a considerable decline through consecutive cycles.
This decrease in retention over time also happened for the 5 mg L−1 saturation runs
and it is even more pronounced between ADS1 and ADS2 than the same phases in 1
mg L−1 (Table 4.9).
Section by section results
Through the analysis of surface water samples, the differences in P retention
throughout the adsorption/desorption cycles were evaluated. The overall behavior of
each section reflected important implications of subsurface hydrological conditions,
being described below.
Section 1
During 1 mg L−1 injections, the differences between input and output P mass in
Section 1 varied considerably when comparing subsequent adsorption phases for both
drainage and saturation runs (Table 4.8). In the first adsorption run under both 1
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mg L−1 saturation and drainage, soils in section 1 contributed P mass to the water
(100 mg in the first replicate of saturation and 15 mg in drainage), an input due to
the nature of the soil (Table 4.8).
In ADS2 and ADS3, that contribution decreased drastically - despite of the con-
tinuous input of P into the system - and soil acted as a P sink. During the second
replicate of saturation 1 mg L−1, soil in section 1 removed P from the system in an
increasing trend from ADS1 to ADS3, sequestering almost 13% of the total injected P
mass in the latter, a similar behavior to what was observed in section 2, the flow-over
slag, in this same run (180 mg was retained in section 1 versus 135 mg in section 2).
In drainage, section 1 contributed a much smaller quantity of P in the first adsorption
phase - 15 mg - than what we observed in the first replicate of saturation - 100 mg,
possibly due to the natural variability of the sediment or because less water that came
in contact with the sediment flowed back into the water column. In ADS2 of drainage
1 mg L−1, section 1 removed a greater amount of P - 120 mg - when compared to
ADS1, reducing P removal in ADS3 to neutral (no difference was noted between the
input and output).
Therefore, in the 1 mg L−1 injection (Table 4.8), section 1 presented heteroge-
neous behaviors among the tested subsurface conditions, although the decreasing
pattern observed during 1 mg L−1 saturation runs can certainly differentiate them
from drainage. During saturation, section 1 demonstrated an increase in the potential
to remove P from ADS1 to ADS3; during drainage, there was no clear trend, although,
an increase in the sequestering potential was also observed when comparing ADS1
and ADS2.
Section 1 did not show the same behavior when 5 mg L−1 was injected (Table 4.9).
Within saturation runs, soil acted as a P sink in all adsorption phases, removing up
to 1000 mg of the injected P. In drainage, soil actually removed P in ADS1, when it
sequestered 270 mg of P, although, in the following adsorption phases, soil acted as
a source of P to water. Hence, when injecting 5 mg L−1, section 1 presented a lower
P removal ability in drainage when compared to saturation runs.
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The removal potential of ditch sediments was also tested by Sharpley et al. (2007),
who observed the differences between ditch sediments from agricultural and forested
areas. They found that ditch sediments from agricultural areas released more P in
a fluvarium experiment, maintaining a considerably high P concentration in water
when clear water is injected. This greater release reflects the greater P amounts in
agricultural sediments. When injecting a known concentration of P, it was observed
that the equilibrium concentration when using agricultural sediments was lower than
forest sediments (Sharpley et al., 2007). The authors explained that the greater re-
moval of P by agricultural sediments occurred due to ”a greater P sorption maximum
and clay content of these sediments”.
Also, Sharpley et al. (2007) discussed that ditch sediments can be long-term
sources of P, specially after lower P inputs. In the present study, it was observed that
ditch sediments can act both as a sink or as a source after the lower input - 1 mg
L−1.
Section 2
On Section 2, P retention was extremely variable for saturation and drainage
runs for both the 1 mg L−1 and 5 mg L−1 injections. In 1 mg L−1, the saturation
replicates showed opposite behaviors, with the first replicate decreasing its retention
throughout the three adsorption phases, from 145 mg to 75 mg of P (Table 4.8).
Also, in saturation 1 mg L−1, the amount of retained P for all phases was higher
than the drainage results; in drainage, these values varied between 60-70 mg, while
under saturation, section 2 retained 75-145 mg of P. Under 5 mg L−1, both saturation
and drainage results varied considerably, without any persistent trend being observed
neither for drainage nor saturation.
Section 3
Section 3 presented the greatest differences between drainage and saturation among
all sections (Tables 4.8 and 4.9). During 1 mg L−1 injections, drainage and sat-
uration showed similar retention results in ADS1: 625 and an average of 610 mg,
respectively. Although, in the following adsorption phases, the retention dropped
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considerably under drainage - in ADS2 and ADS3, 490 and 460 mg of P was retained,
respectively. Under saturation, the removal remained relatively stable throughout
adsorption phases. Therefore, under drainage, slag showed a decrease in its sorption
capacity more rapidly, possibly due to the saturation of the material. A plausible
explanation would be the creation of preferential flow paths through the subsurface,
forcing water to always interact with the same particles and hindering the potential
of the entire material to remove P.
As shown in Tables 4.8 and 4.9, the decrease in retention between ADS1 and
ADS2 seen in the 1 mg L−1 drainage runs also occurred in the 5 mg L−1 saturation
runs. For example, in the first replicate of Saturation 5 mg L−1, Section 3 was able
to remove more than 80% (5550 mg from an input of 6530 mg) of the P that was
injected in that section during ADS1, decreasing to 55% in ADS2 (4120 mg of P
were retained in relation to a 7415 mg input). Interaction time can be a determining
factor to explain this difference, although the saturation of the material due to the
higher input must also be considered, remarkably diminishing the removal after the
first high input. In the 5 mg L−1 drainage run, the same trend was not observed, and
sorption actually increased during ADS3 to 1555 mg, after a lower performance in
ADS 1 and ADS2 of respectively 690 and 620 mg of P being retained. A reason for
the increase in 5 mg L−1 ADS3 could be the lower average flow rate obtained in this
condition (5.73 L min−1) in comparison to the previous flow rates (6.43 and 6.29 L
min−1 for ADS1 and ADS2, respectively), which unintentionally allowed for a longer
interaction time in ADS 3.
In summary, the 1 mg L−1 and 5 mg L−1 injections had opposite behaviors in
section 3 when comparing drainage and saturation runs. In 1 mg L−1, the removal
considerably decreased in ADS 2 in relation to ADS1 when under drainage; while in
5 mg L−1, the same behavior happened during saturation (Tables 4.8 and 4.9).
Section 4
Section 4 represents the recovery section of the flume. Its performance depended
directly on the ability of the slag in section 3 to retain the P it sequestered, since
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that will determine section 4 input. Section 4 also shows the continuing effects of the
slag on water quality - evaluated through the pH data and through the analyses of
possible contaminants - and therefore, the impacts of a PSM structure in the water
and soil interactions downstream. There was no clear pattern that differentiated the
effects of drainage and saturation on section 4 based exclusively on 1 mg L−1 runs
(Table 4.8).
In all adsorption phases of 1 mg L−1 drainage and saturation runs, Section 4 added
P to the system (Table 4.8). However, the mass added in this section was consistently
higher than what we observed in section 1, also composed of soil only. A possible
explanation would be the fact that since section 3 removed a large part of P that was
being transported by water - water becomes low in P -, the soil probably released
more P because of the larger concentration gradient.
The greatest release happened during the first replicate of saturation, when soil
released 125-185 mg of P in adsorption runs; the second saturation replicate showed
a growing P release pattern from ADS1 to ADS3 (Table 4.8). In drainage, P release
was relatively stable from ADS1 to ADS3: 80 mg, 75 mg and 85 mg of P was added
to water in the first, second and third adsorption phases, respectively.
Comparing the overall retention of section 4 for the 1 mg L−1 and 5 mg L−1
saturation runs, the latter actually removed P (-270 mg/-585 mg), while the former
added P to the flowing water, 250 and 460 mg (Tables A.2-A.5), in the first and
second replicates. These results clearly demonstrate the dependence of soil sorption
and desorption on P concentration: with a higher concentration gradient, soil tends
to act as a P sink.
In summary, when analyzing the sequence of adsorption cycles, a considerable
decrease in the P retention can be noted in all saturation 5 mg L−1 runs (Table
4.12). In saturation and drainage 1 mg L−1 runs, the P mass removed had relatively
stable values throughout the ADS cycles, with retention varying between 500-700 mg.
Therefore, overall, the results do not reflect the expectations embedded in the initial
hypothesis, since a negative trend in P retention was not observed in most of the
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conditions throughout the cycles. This result shows that three adsorption/desorption
cycles were not sufficient to “spend” slag capacity of retaining P, meaning that steel
slag lifetime is longer.
Desorption Behavior
When looking at the mass results for the desorption runs (Table 4.11), all of them
resulted in addition of P to the system. In terms of P mass, the greatest difference
between input in section 1 and output in section 4 occurred in “Drainage 5 mg L−1”.
In all conditions, DES2 seems to be a turning point; for example in the first replicate
of saturation 1 mg L−1, the overall P mass released increases from DES1 to DES2,
decreasing again in DES3. The same occurs in the first replicate of saturation 5 mg
L−1 and also in drainage 5 mg L−1. In the other experimental conditions the exact
opposite trend occurred. By observing the 5 mg L−1 run, drainage can be differen-
tiated from saturation by observing the first two cycles: during the drainage run, P
mass released to the water is considerably higher when compared to the corresponding
saturation run, which can be partially explained by the mass lost in drainage fluxes,
also identified as output.
Table 4.11.: Overall mass differences (mg) in desorption runs - the values represent
the difference between output in section 4 and input in section 1; in drainage runs,
the losses by leachate were also considered as output.
Condition Desorption 1 Desorption 2 Desorption 3
Sat 1 mg L−1 160/150 165/90 145/135
Drain 1 mg L−1 120 85 130
Sat 5 mg L−1 280/395 360/235 320/270
Drain 5 mg L−1 510 745 235
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Table 4.12.: Overall mass retention (mg) in adsorption runs - the values represent
the difference between input in section 1 and output in section 4; in drainage runs,
the losses by leachate were also considered as output.
Condition Adsorption 1 Adsorption 2 Adsorption 3
Sat 1 mg L−1 570/680 580/660 700/725
Drain 1 mg L−1 600 500 470
Sat 5 mg L−1 6490/4500 5100/2250 2660/2210
Drain 5 mg L−1 2050 870 1900
When comparing the subsequent desorption phases of 1 mg L−1 and 5 mg L−1
runs, to some extent the P mass addition seems to be cyclical: once a greater mass
of P is found at the output of the system, i.e., less retention, the following desorption
phase will have less P to release - when input masses in adsorption phases are similar.
Hence, that pattern holds throughout the life of steel slag. This pattern can be
observed on Figure 4.7: 1 ppm data showed a lower retention during a adsorption
phase and a lower mass added to the system during the following desorption when
compared to 5 mg L−1 runs. The fact that this behavior is not observed for all
conditions is possibly due to the accumulated P mass throughout the repeated cycles
and also due to the mass that is transported by the drainage flux, specifically in the
drainage runs.
4.2.4 Effects of input P concentration on P retention
P transport in surface water
The initial hypotheses to explain the potential implications of P concentration
stated that the mass removed would be proportional to the P mass input into the
system; therefore, a higher retention was expected for 5 mg L−1 runs. As shown on
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Figure 4.7.: The relation between mass added in the DES phases and the mass
removed during the previous ADS phase
Figure 4.8, the 5 mg L−1 injection showed a higher efficiency in terms of mass removal
in both drainage and saturation scenarios.
Moreover, the effect of subsurface hydrology on 5 mg L−1 removal was more promi-
nent than in 1 mg L−1: the difference between drainage and saturation when com-
paring the overall efficacy in retaining the respective injected mass is approximately
30% (approximately 7 g) in the former, against 4% (approximately 0.33 g) in 1 mg
L−1 injections. Therefore, for a low input, subsurface hydrological conditions may not
affect P removal. The considerably lower removal in 5 mg L−1 drainage when com-
pared to 5 mg L−1 saturation runs could be caused by variability in slag composition
and in packing the materials in the flume.
Subsurface transport of P
Leachate samples were collected during the drainage runs in order to evaluate the
effects of the downward flow in P transport and how it affects the P retention.
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Figure 4.8.: P mass retention over the experiment life - the data presented in this
graph refer to the net P mass throughout all cycles of one condition tested. The
overall retention was averaged for saturation runs.
Overall, the examination of total P mass in leachate samples from drainage 1 mg
L−1 and 5 mg L−1 showed an increasing pattern when comparing adsorption and
desorption phases separately (Figure 4.9). That pattern can potentially be explained
by preferential flow paths formed after the first runs (ADS1 and DES1), which would
allow for a more rapid vertical movement of water, resulting in less interaction between
dissolved P and media and, therefore, more P being transported out of the flume.
In DES2 and DES3 from 1 mg L−1 and 5 mg L−1 runs, the P losses were reduced
when compared to ADS2 and ADS3, respectively. This is probably due to the minor
mass input in desorption phases, although the mass loss in leachate did not vary
linearly with the mass input in the flume. For example, in DES1 in 5 mg L−1 drainage
injection, the system received 28 mg of P in the inlet, in DES2, it received 14 mg
(Table A.4); the leachate total removal is respectively 13 and 31 mg in these two
runs, meaning that the vertical flow in DES2 and DES3 is still transporting P from
previous runs.This fact - lower leachate loads for lower mass inputs- confirms the
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Figure 4.9.: Leachate P mass - overall losses throughout the system
main information in Figure 4.9: the removal by drainage flux is dependent upon the
input mass in the system, with 5 mg L−1 presenting the greatest losses. Furthermore,
these results also illustrate what normally occurs in losing streams or ditch reaches:
the downward hydraulic flux can transport P from the surface water.
In order to analyze leachate samples separately from the surface transport pro-
cesses, the P input and output concentrations of one section were averaged and were
assumed to represent the input concentration for drainage water (i.e. the concentra-
tion at the top of the soil/slag layer). The output concentrations were those observed
in the drainage samples. In this way, the P mass retained was calculated through
the same method used for surface water. However, in this case, the flow rate being
considered was 0.1 L min−1, i.e. the drainage rate in one section.
P retention data shows that drainage 5 mg L−1 run was able to retain a greater part
of the P mass that was transported through the subsurface (Table 4.13), confirming
that the removal is concentration driven. Overall, the mass being retained by the
media seems to be constant along the adsorption phases. This can be explained
due to the low mass that is actually transported through the drainage flux, which is
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Table 4.13.: Vertical P movement in drainage runs - The data shown in this table is
the difference in mg between the calculated input mass and output mass found on
leachate samples, representing the retention in the respective section
Section
1 mg L−1 retention 5 mg L−1 retention
ADS1 ADS2 ADS3 ADS1 ADS2 ADS3
Section 1 (mg) 15 15 15 80 80 80
Section 2 (mg) 15 15 15 75 70 65
Section 3 (mg) 10 10 10 60 50 40
Section 4 (mg) 10 10 10 60 60 40
Overall ret. (mg) 50 50 50 275 260 230
insufficient to saturate the slag and to cause substantial changes in its removal ability.
Sections 3 and 4 showed the lowest values for retention in all phases.
4.2.5 P retention in terms of concentration
The data results discussed so far considered the changes in P in terms of removed
or added mass. However, a complete breakthrough of P concentrations and the final
concentrations found in each section can also be efficient tools in separating the effects
of the different conditions tested in the flume experiments.
For instance, Tables B.1-B.4 show the final concentrations registered in each sec-
tion in all of the tested conditions. These results were calculated as an average of the
last 5 samples, i.e, last 30 minutes of a 4-h run, which was considered the steady-state
concentration.
In most of the desorption phases, the steady-state concentration was 0 (Tables
B.1-B.4), meaning that there is no contribution of P from the system at the end of
the run, i.e. P in the water from the previous adsorption runs has expelled from the
flume. Moreover, it can also be concluded that at the end of a run, sediment and
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slag do not release P, reaching a situation of equilibrium regarding the P that was
captured during adsorption runs.
During adsorption runs, the inflow and sections 1 and 2 showed similar concentra-
tions in most of the conditions and phases, although it showed a greater variability
in 5 mg L−1 conditions - but still minimal, with the possibility of being derived of
ICP errors - than in 1 mg L−1 (Tables B.1-B.4). In section 3, where we observed
that in terms of mass most of the injected P was sequestered, the P concentration de-
creases to approximately half of the concentration value observed in previous sections,
and the lower concentrations were maintained or slightly augmented along Section 4.
However, this marginal increase is probably insignificant, due to ICP measurements
uncertainty, that can be up to 10%.
As observed in Tables B.1-B.4, drainage 1 mg L−1 was the only condition that
showed differences among the consecutive adsorption phases: exclusively in section
3, the steady-state concentrations had a relative increase when looking at subsequent
adsorption runs. The other conditions showed similar concentrations for all cycles.
Figure 4.10 shows the breakthrough curves of P concentration for the first adsorp-
tion phases of the tested conditions. It can be observed that the behavior of section
1 is analogous to section 2 in all graphs, although section 2 shows, most of the time,
slightly lower concentration values than section 1. The concentrations in these two
first sections are also very similar to the inflow concentrations, which proves the low
efficiency of ditch sediment and flow-over slag in removing P from the inflow water.
Section 3 shows an expressive decrease in P concentration values when compared
to the previous sections, and this decrease is maintained in section 4 (Figure 4.10).
However, in most of the time, section 4 present slightly higher concentrations than
section 3, meaning that the former section is releasing P, after a strong removal on
Section 3.
At some point in the injection, steel slag will reach saturation, since it acts as a
filter. As a consequence, the behavior of section 3 - and 4 , indirectly - will assimilate
to the behavior exhibited by sections 1 and 2. In the 1 mg L−1 injection, this behavior
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Figure 4.10.: P concentration breakthrough curves during ADS1 from all conditions
tested.
70
Figure 4.11.: P concentration breakthrough curves during DES1 from all conditions
tested. The scale is different for 1 and 5 mg L−1.
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is not clear and as observed in Tables B.1-B-4, the final concentrations in these
sections are still lower then the concentrations registered in previous sections. In 5
mg L−1, a different behavior was observed, with sections 3 and 4 showing a more
linear pattern towards sections 1 and 2 behavior than what was observed in 1 mg L−1
runs. This is possibly due to the higher input, meaning that slag will reach saturation
more rapid than in 1 mg L−1.
Despite the fact that slag did not have its P mass retention ability significantly
diminished during the injections, as proved by the analysis of variance comparing the
consecutive adsorption cycles, the breakthrough curve shows a more clear pattern
that slag performance will possibly be impaired in a longer high P injection.
During the first desorption phases, the behavior of all curves is very similar: an
initial P pulse followed by almost invariable concentrations in all sections during the
injection time. As observed in adsorption phases, during desorption, sections 3 and
4 also showed a separate behavior when compared to sections 1 and 2. More P was
released in the two last sections of the flume, reverting the performance shown in
adsorption phases, as discussed before.
Although the breakthrough curves of the second and third adsorption and desorp-
tion phases are not shown in this document, their behavior is very similar to what is
observed in the first cycle of adsorption and desorption, with exception to saturation
5 mg L−1 replicates. In the second and third cycles of these runs, sections 3 and 4
concentrations equilibrate and show nearly constant values after the initial plume,
the same behavior observed in 1 mg L−1 runs. The results will be presented in detail
in future works.
The usual concentrations found in real water systems are normally lower than
those observed in the flume after a low and a high input injection. In its National
Recommended Water Quality Criteria Report, the U.S. EPA (2009) indicate 0.1 mg
L−1 as the maximum P concentration allowed in streams or rivers; for streams that
discharge in lakes and reservoirs, this concentration must be less than 0.05 mg L−1.
These recommended standards were developed in 1986 and are used as a guide to
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states develop their own (U.S. EPA, 2009). Specifically in Indiana, there is no state
nutrient control criteria for P.
However, higher P concentrations can be found in water bodies due to discharge
of P from animal wastes, fertilizers, sewage treatment plants or septic systems (U.S.
EPA, 2015b). For instance, Stoner et al. (2011) cited 15 mg L−1 as the measured P
concentrations in drainage ditches in Maryland. Moreover, Correll (1998) states that
there isn’t one broadly accepted value of P concentration recognized as acceptable for
water bodies. Nonetheless, concentrations above 0.02 mg L−1 are usually problematic
(Correll, 1998).
4.2.6 Chemical composition of water samples
As stated in Chapter 3, a defined number of random samples were analyzed for
16 other analytes besides P, for detailing the chemical composition of the samples.
The intention with these analyses was to assure that the steel slag being used in
the experiments would not be a threat in a real P removal structure. The maximum
concentrations in the surface water and in the leachate samples analyzed are presented
in Appendix B.
The isotherms provided an indication of which elements could be released to
stream water from slag, however, since the interactions among slag, soil and wa-
ter in the flume can be different, the current analysis presents new insights about slag
potential to release elements to the environment.
Ca had the highest concentrations in the samples, as a result of Ca dissolution from
slag or from soil, since the isotherms also revealed that soil released an appreciable
Ca amount. The highest Ca concentrations were more than 100 mg L−1, as observed
of Figure 4.12.
Mg also presented higher concentrations - around 20 mg L−1 - when compared
to the other elements, with lower concentrations found in section 3 (Figure 4.12).
Concentrations of Si were also high, around 5-10 mg L−1. This can either be an effect
73
Figure 4.12.: Calcium and magnesium concentrations according to the section of the
flume in which the respective samples were collected.
of the silica sand used to set up the flume, or of its presence in soil and slag, or
of a possible contamination from the containers in which we analyzed the samples,
composed of borosilicate. Al also presented concentrations around 3 mg L, probably
as a result of slag composition as well. Most importantly, the concentrations for heavy
metals were insignificant in all samples (Table C.1).
The diverse results for analytes in different samples and conditions are a reflection
of the natural variability of slag: materials that share the same origin and were
equivalently treated and used in the flume are, after all, different, due to their intrinsic
characteristics.
4.2.7 Applications in real environments
In order to install a PSM structure in a real ditch or stream, the setup used in
the flume can be proportionally scaled up. In the flume, as detailed in Chapter 3, the
slag dam was built with 40 kg that was able to handle an average flow rate of 7.13 L
min−1. Hence, if 5 tons of slag are to be used to build a flow-through structure, that
amount will be able to manage a flow rate of 0.5 ft3 s−1.
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Since the slag weight was increased by a 125 fold, the cross-sectional area of the
new structure would also increase 125 times. Instead of increasing the cross-sectional
area 125 times, if it is increased by 25 fold and the length is then increased 5 times,
the operations are equivalent. This way, the length being increased 5 times, the
same increase is expected for retention time, which will directly affect the retention
potential of that structure.
However, the increase on length has a drawback, since flow rate can only be scaled
with cross-sectional area. This way, a 5 times increase in all dimensions means that
the new structure will be able to handle a flow rate 25 times higher than the one used
in the flume experiments.
For instance, the experiments conducted in the flume had a “grand” average
retention of 33%; if the structure is increased two times and the retention is increased
proportionally with RT, then, the new retention - calculated by geometric progression
- is now 56%. For a 5 times length increase, the structure will be able to retain up
to 88% of P, assuming the flow rate is constant. This is a theoretical limit; the linear
proportionality between RT and retention along a longer structure must be proved,
by using, for example, a dam twice as long in a simple flow-through experiment.
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CHAPTER 5. CONCLUSIONS
Eutrophication has been reported in many water bodies across the world, as a result
of excessive nutrient discharges, mainly P and N. Agriculture is one of the greatest
sources of P losses to the environment and typical agricultural conservation practices
do not typically account for an important part of the problem: dissolved P. Therefore,
phosphorus sorption materials (PSMs) appear to be an important complement to the
existing solutions, but much still has to be understood in terms of interactions among
these materials, soil and water bodies.
The main purpose of this study was to simulate an agricultural ditch and the
processes involved in P removal when a PSM is added to water systems.
A 10-m flume was constructed to simulate agricultural drainage ditches and used
to set up different treatments in each 2.5 m section. The second and third sections
received steel slag, a byproduct of steel production, known for its ability in removing
dissolved P from surface waters; the remaining sections - the first and the fourth
sections - received ditch sediment only, and were the input and the recovery section,
respectively. The methodology was tested in laboratory conditions, but has consider-
able adaptability to real situations, in which PSM structures could be installed where
surface runoff converges. In that way, surface flows that would otherwise carry P
directly to water bodies, could be intercepted by a “filtering” system. One of the
relevant findings from this research shows that this system must be placed in flow-
through conditions, which improves the removal efficiency by PSMs. The constructed
flume proved to be an effective tool in accomplishing the objectives of this research.
It allowed for the evaluation of a potential strategy for capturing dissolved P from
surface waters, a critical environmental issue worldwide.
Moreover, since PSMs are mainly industrial by-products, they must be carefully
selected according to their chemical composition, since they can also be a source of
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environmental contaminants, such as heavy metals. Different materials will also have
different dominant sorption mechanisms and variable particles sizes, which are all
factors that will determine their P removal efficacy, together with the runoff, site and
soil characteristics.
Additionally, by testing different subsurface hydrological conditions together with
the input of high P water, the flume experiment was also able to demonstrate and de-
tail the validity of this methodology, besides being a convenient tool in understanding
the determining aspects of P removal.
Batch isotherms resulted in the following specific conclusions:
• The isotherms showed the potential of slag and soils to remove P from water
after a long equilibrium time. Steel slag was able to remove all the P mass in the
1 and 5 ppm isotherms; soils removed the majority of P, with an average removal
of 98.5% and 73% removal, respectively. Both materials did not release any P
in the desorption phase. With these preliminary analyses, we can conclude that
slag has superior performance compared to soil retention, being able to remove
all P in water for most of the slag samples tested. These samples included the
original samples and those collected after each 6-day fluvarium experiment.
• The P maximum adsorption capacity is 4.6 mg of P g−1 of slag.
• The steel slag used in the flume experiments demonstrated not to be a threat
in terms of new contamination under the conditions tested, since heavy metals
concentrations were below the contamination limits for soils.
• Ca and Al had the greatest concentrations, with a maximum of 33 ppm for
Al and more than 100 ppm for Ca in the isotherms solutions. The chemical
composition of the water samples, analyzed in the ICP, also confirmed the
results found in isotherms.
• The conclusions upon the contamination potential can not be generalized for
other steel slag due to its intrinsic chemical characteristics. Hence, for a new
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PSM structure, the chemical characterization of the materials is highly recom-
mended.
However, the results found in batch isotherms are normally different from those
that would be found in flow-through situations, such as the flume, since the time and
surface of interaction are different. The flume has a considerably reduced contact
surface: 2% of the total particle surface area was exposed in the flow-over treatment,
while in isotherms, 100% of the surface of the particles was in continuous contact
with the P solution. Therefore, isotherms represent an ideal condition, not usually
found in real conditions, such as those simulated by the flume experiments.
The experimental setup allowed the analyses of the effects of time, subsurface
hydrology and P concentrations in P removal:
• Section 3, the flow-through treatment in the experiments, was responsible for
the “bulk” of the removal in most of the runs, except for Drainage 5 ppm,
when its performance was similar to the flow-over treatment. Through that
observation, we can conclude that a longer retention time controls the P cap-
ture by PSM structures, when they are built with materials that capture P
dominantly through slow P sequestering mechanisms, i.e., precipitation. The
correlation coefficient (ρ) between retention time and percentage retained was
0.8 when analyzing the results of sections 2 and 3 in all runs in which RT could
be identified. The performance of flow-over and flow-through sections in terms
of retention could also be affected by types of mixing, i.e. turbulent versus dif-
fusive as well as contact area, alternative explanations that were not thoroughly
explored.
• The initial hypothesis concerning repeated adsorption cycles stated that removal
would be negatively affected by consecutive P inputs - because steel slag acts as
a filter in those removal structures -, reaching saturation at some point in time.
However, the three tested cycles were not sufficient in terms of time and/or P
input to significantly affect P adsorption capacity of slag.
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The analyses comparing adsorption and desorption cycles revealed that through
the adsorption runs, in which P was continuously injected for 4 hours, slag was
always able to remove P in both Sections 2 and 3. This means that it did not
reach saturation during the three cycles tested in these experiments. This was
proven by an analyses of variance performed on the averages of all adsorption
phases and all desorption phases which confirmed that the three consecutive
cycles were not significantly different. However, by observing the subsequent
cycles individually - for each condition - a slight decrease in the system retention
can be noted, except in the Saturation 1 ppm runs, that maintained a consistent
removal throughout all adsorption phases.
• The isotherm results for the materials collected after the experiments confirmed
that, in all of the conditions tested, slag did not reach saturation throughout
the three adsorption/desorption cycles.
• Through desorption phases, the slag released some of the P it initially se-
questered, and that release was also dependent upon the mass that was initially
injected; hence, in 5 ppm desorption runs, the overall P mass released to the
system were higher that what was observed for 1 ppm.
• During drainage, a lower mass removal occurred when compared to saturation
for both concentrations tested. For 1 ppm injections, the differences were mi-
nor: the retention was 29.2% of the total injected P in drainage compared to
33.5% during saturation replicates. In 5 ppm injections, the overall retention for
drainage was 15.3%, compared to 45.3% in saturation runs, hence, contradicting
what was initially expected. The initial expectations regarding the differences
between drainage and saturation was that drainage would increase retention
performance, due to a greater retention time that a new direction of flow can
provide.
• The removal is influenced by subsurface hydrology, however, new replicates will
be needed to confirm the patterns observed during drainage runs.
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• The saturation replicates allowed the differentiation between a high P input, 5
ppm, and a low P input,1 ppm, indicating that the retention of P is concentra-
tion driven.
• The leachate analyses corroborated with the conclusion that the retention ic
concentration driven; when 5 ppm was injected, the overall P mass losses
through leachate were greater, but the system was able to retain a greater
mass of P transported in the drainage flow.
• In section 4, pH was considerably increased, continuing the pattern observed
right after section 3. However, since the experiments were conducted under
laboratory conditions, using DI water, that increase in pH was higher than what
we would expect for real situations. In most of the cases, section 4 contributed
with P to the water. Since this was the recovery section it was able to simulate
what happens to water quality after a PSM structure.
• A longer slag structure in a real environment will possibly be able to retain
more P, due to the longer RT that it can provide, assuming constancy of flow
rate.
In summary, this study provided relevant insights about steel slag structure per-
formance and how the removal is affected by slag placement, time, input P concen-
trations and different subsurface hydrology. The experimental design was able to
effectively introduce a novel methodology to evaluate PSM structure in laboratory
conditions, reproducing what is normally found in real environments. However, much
is still to be understood: the effects of drainage in removal is not yet clear, and for
future work, more replicates of drainage runs will definitely be needed in order to
generalize the findings. Moreover, in order to be installed in real environments, a
detailed characterization of a longer slag structure will be valuable to predict slag
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APPENDIX A. P MASS SUMMARY DATA
Table A.1.: P Mass in Drainage 1 mg L−1 - values in mg. P mass in leachate
samples were also considered as output.“Dif.” refers to the net mass difference
between a section input and output. The “Overall” represents the P mass difference
between the output in section 4 and the input in section 1.
Phase
Section 1 (mg) Section 2 (mg) Section 3 (mg) Section 4 (mg)
All
In1 Out2 Dif.3 In Out Dif. In Out Dif. In Out Dif.
ADS 1 - S4 1230 1240 15 1240 1175 -60 1175 550 -625 550 625 80 -600
ADS 1 - L5 20 5 -15 20 2 -18 15 5 -10 10 2 8 -50
DES 1 - S 20 50 30 50 40 -10 35 150 115 145 140 -2 120
DES1 - L 0 3.5 3 0 4 3 1.5 4.5 3 3 3 0 10
ADS 2 - S 1470 1355 -120 1350 1405 60 1400 905 -500 900 975 75 -500
ADS 2 - L 20 6 -14 20 6 -14 15 5 -10 15 5 -10 -50
DES 2 - S 20 10 -15 3 25 20 20 125 105 120 110 -10 85
DES 2 - L 0 5 5 0 5 5 1 5 4 2 5 3 15
ADS 3 - S 1475 1475 -1 1470 1400 -70 1390 930 -460 925 1010 85 -470
ADS3 - L 20 5 -15 20 5 -15 15 5 -10 15 5 -10 -50
DES 3 - S 2 30 30 25 50 25 45 170 120 160 130 -30 130
DES3 - L 0 5 5 0 5 5 2 7 5 2 5 3 20
All ADS 4175 4065 -105 4050 3975 -75 3960 2390 -1575 2370 2605 235 -1570
All DES 45 90 45 75 115 40 100 440 340 425 380 -40 340
All L 60 30 -30 60 30 -30 50 30 -20 45 25 -20 -100
Net P6 4220 4160 -60 4125 4090 -35 4060 2830 -1235 2795 2990 195 -1230
1 Input P mass
2 Output P mass
3 Difference between output and input (retention)
4 Surface
5 Leachate





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































APPENDIX B. FINAL P CONCENTRATIONS
Table B.1.: Final P concentration in Drainage 1 ppm phases - values in mg L−1.
The data indicate the steady-state concentrations, calculated as the average water
surface samples concentration collected during the last 30 minutes of a run.
Phase Inflow Section 1 Section 2 Section3 Section4
ADS 1 1 1 1 0.5 0.5
DES 1 0 0 0 0 0
ADS 2 1 1 1 0.7 0.85
DES 2 0 0 0 0 0
ADS 3 1 1 1 0.75 0.85
DES 3 0 0 0 0 0
Table B.2.: Final P concentrations ( mg L−1) in Saturation 1 mg L−1 replicates -
values in mg L−1.
Phase Inflow Section 1 Section 2 Section3 Section4
ADS 1 1/1 1/1 1/1 0.5/0.6 0.6/0.7
DES 1 0/0 0/0 0/0 0/0 0/0
ADS 2 1/1 1/1 1/1 0.5/0.6 0.6/0.8
DES 2 0/0 0/0 0/0 0/0 0/0
ADS 3 1/1 1/0.8 1/0.8 0.55/0.5 0.65/0.6
DES 3 0/0 0/0 0/0 0/0 0/0
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Table B.3.: Final P concentration in Drainage 5 mg L−1 phases - values in mg L−1.
Phase Inflow Section 1 Section 2 Section3 Section4
ADS 1 5.4 5.4 5.4 4.9 4.8
DES 1 0 0 0.1 0.2 0
ADS 2 5.4 5.3 5.6 5 5
DES 2 0 0 0 0.2 0.2
ADS 3 5.6 5.4 5.2 4.4 4.6
DES 3 0 0 0 0.2 0.3
Table B.4.: Final P concentrations ( mg L−1) in Saturation 5 mg L−1 replicates.
Phase Inflow Section 1 Section 2 Section3 Section4
ADS 1 5/5.3 5/5.3 5/5 1.4/3.5 1.5/3.5
DES 1 0/0 0/0 0/0 0.15/0.15 0.15/0.15
ADS 2 5.4/4.8 5.2/4.1 5/3.9 3/3.9 3/3.7
DES 2 0/0 0/0 0/0 0.2/0 0.2/0
ADS 3 5.3/5 5.3/5 5.1/5 4.4/0.5 4.3/0.6
DES 3 0/0 0/0 0/0 0.15/0.15 0.15/0.15
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APPENDIX C. ELEMENTAL CONCENTRATIONS
Table C.1.: Maximum element concentrations in surface and leachate samples
Element Drain 11 Sat. 1(1)2 Sat. 1(2)3 Drain 54 Sat 5(1)5 Sat 5(2) 6
Al 0.76 1.39 3.13 2.94 3.29 0.71
As 0.01 0 0.01 0.01 0.01 0.01
B 0.32 0.11 0.50 0.13 0.11 0.18
Ca 56.30 11.46 149 83 13.11 26.24
Cd 0 0 0 0 0 0
Cr 0.01 0 0.03 0.001 0.03 0
Cu 0.02 0.01 0.01 0.13 0.01 0.01
Fe 0.08 0.06 0.02 0.09 2.80 0.02
K 1.87 0.65 2.87 3.57 2.58 2.69
Mg 13.68 0.15 18.21 22.44 0.82 0.48
Mn 0.12 0.01 0.01 0.14 0.38 0
Na 7.47 1.83 6.63 4.60 3.38 1.73
Ni 0.02 0 0 0 0 0
S 19.20 0.63 26.81 27.07 1.71 1.68
Si 9.87 4.27 17.71 9.37 4.03 13.23
Zn 0.15 0.04 0.03 0.05 0.05 0.04
1 Drainage 1 mg L−1
2 Saturation 1 mg L−1 - replicate 1
3 Saturation 1 mg L−1 - replicate 2
4 Drainage 5 mg L−1
5 Saturation 5 mg L−1 - replicate 1
6 Saturation 5 mg L−1 - replicate 2
